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Summary 
In times of dramatic decrease of the biodiversity, ecosystems hosting a high number of different 
species are of particular value. In Central Europe, mixed oak forests on the one hand play a major role 
in the conservation of biodiversity and on the other hand are endangered ecosystems that face a 
variety of threats (e.g. changes in management system, groundwater level, nitrogen deposition). In 
order to develop effective conservation measures it is neccessary to understand the reactions of these 
ecosystems to changes in management, nitrogen availabilty, water supply, light supply and climate. 
The main aim of this thesis is to detect and understand long-term changes of the vegetation in the four 
oak forest types occurring in NW Germany. The following main questions were addressed: (1) How has 
the vegetation of Alluvial hardwood oak forests, Thermophilious oak-hornbeam forests, Sub-atlantic 
oak-hornbeam forests and Acidophilous oak forests changed over the past decades? (2) What are the 
drivers of the changes in the vegetation in these oak forests? (3) Do the observed changes and the 
drivers differ between the different oak forest ecosystems? 
Vegetation studies on (quasi-) permanent plots have been carried out in the four different oak forest 
types in Northwest Germany. All studies were conducted on plots that a) had been analysed at least 
20 years ago and b) for which data about the location, time, methods and results of the first 
investigation were available. The abundance of vascular and in some cases also of the bryophyte and 
lichen species were recorded using the methods applied in the initial investigation. Additionally, 
analyses of environmental variables (such as pH, soils nutrients, management) were conducted in the 
recent – and in some cases also in the intial – investigation. Changes in species richness and species 
compostion, winner and loser species and the driving forces of the changes were analysed using 
univariate significance tests, multivariate ordination analyses (DCA: Detrended Correspondence 
Analysis, PCA: Principial Component Analysis) and Generalized Linear Models (GLM). 
The most important drivers of changes in the Alluvial oak forest were the decreased light availability 
due to the cessation of coppicing in the middle of the last century and the decreased water availabilty 
in the soil. Herb layer species richness increased over the past decades, mainly attributed to an 
increase in true forest species, such as Paris quadrifolia and Mercurialis perennis, and woody species. 
Particularly water-demanding species such as Primula elatior and Stachys sylvatica decreased over the 
past decades. In contrast to findings in several other studies of Central European forests, no 
eutrophication effects on the vegetation have been found in the studied Alluvial forest.  
The major driver in the Thermophilous oak-hornbeam forest with restored coppice-with-standards 
management were the light dynamics and the disturbances caused by the management system. 
Despite the opening of the canopy, no increase of nitrogen-demanding species has been found. 
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Ellenberg indicator value for nutrients (EIV N) decreased over the last decades. Particularly tree and 
shrub regeneration, such as Quercus robur, Fagus sylvatica and Acer pseudoplatanus, increased over 
the studied period. Species that react sensitive to dry periods, such as Adoxa moschatellina and 
Pulmonaria obscura, decreased. 
The drivers in the Sub-Atlantic oak-hornbeam forest strongly depended on the vegetation and 
management type. In the nutrient-poor stands eutrophication played an important role (increase in 
EIV N), whereas in the nutrient-richer stands EIV N, EIV F (moisture) and the pH value decreased, 
probably related to the decreased water availability. Independently of the vegetation type, in managed 
stands disturbance-indicator species, shrub layer species richness as well as EIV L (light) increased, 
indicating management as the most important driver. In contrast, the canopy cover increase was an 
important change in the unmanaged stands, which is a common trend in unmanaged forests in Central 
Europe. The unmanaged stands of the richer community showed the strongest changes since next to 
the decreased water supply also the light availability decreased and caused a decrease in particularly 
water-, nutrient and light-demanding species, such as Primula elatior and Festuca gigantea. 
The most important driver for vegetation changes in Acidophilous oak forests on nutrient-poor soils 
was the eutrophication. Since tree litter raking was largely abandoned in the middle of the last century 
and the N depositions increased, these systems have faced strong changes in terms of nutrients. The 
loser species in this forest system were almost all lichen and bryophyte species as well as indicator 
species for nutrient-poor, acidic soils, such as Galium saxatile and Carex pilulifera.  
The effects of drivers differ strongly between the different oak forest ecosystems, indicating that 
drivers and their effects are both forest-type and site-specific. While a change in the management 
system had effects on the vegetation in all of the studied forest types, eutrophication effects only 
occurred in the nutrient-poorest stands. Changes that can be related to a decreased water availability 
were found in the strongly water-depending systems as well as in a system on a soil with a low water 
storage capacity. The only change that can likely be attributed to a climatic change were the increase 
in evergreen species, such as Hedera helix, in all forest types as well as a decrease of species sensitive 
against dry periods in one forest type. This study showed that studying ecosystems along 
(environmental) gradients is essential for understanding the effects of environmental changes.  
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Zusammenfassung 
Vor dem Hintergrund des aktuell stattfindenden dramatischen Verlustes an Biodiversität kommt 
besonders den Ökosystemen eine hohe Bedeutung zu, die eine hohe Vielfalt an Arten beherbergen. In 
Zentraleuropa sind es u.a. Eichenwaldökosysteme, die eine wichtige Rolle für den Erhalt der 
Biodiversität spielen. Durch aktuelle Veränderungen in den Umweltbedingungen (u.a. Veränderungen 
in der Bewirtschaftung und im Grundwasserstand sowie Stickstoffeinträge) sind diese Wälder jedoch 
stark gefährdet und werden im europäischen Umweltrecht als prioritär zu erhaltene Systeme gelistet. 
Um effektive Erhaltungsmaßnahmen für die Artenvielfalt entwickeln zu können, ist es notwendig, die 
Reaktionen dieser Systeme auf Veränderungen in der Bewirtschaftung, der Stickstoff-, Wasser- und 
Lichtverfügbarkeit und des Klimas zu verstehen. Das Hauptziel dieser Doktorarbeit ist es, die 
Langzeitveränderungen der Vegetation in den vier in Niedersachsen vorkommenden Eichenwaldtypen 
zu erfassen und zu verstehen. Im Rahmen dieser Arbeit sollen die folgenden drei Hauptfragen geklärt 
werden: (1) Wie hat sich die Vegetation in Eichen-Hartholzauenwäldern, Thermophilen Eichen-
Hainbuchenwäldern, Subatlantischen Eichen-Hainbuchenwäldern und Bodensauren Eichenwäldern 
über die letzten Jahrzehnte verändert? (2) Was sind die Treiber für die Veränderungen in diesen 
Eichenwäldern? (3) Unterscheiden sich die Veränderungen und die zugrundeliegenden Treiber 
zwischen den verschiedenen Systemen? 
Dazu wurden Untersuchungen der Vegetation auf Dauerflächen in den vier Eichenwaldtypen in 
Nordwestdeutschland durchgeführt. Alle Untersuchungen wurden auf Dauerflächen durchgeführt, die 
a) vor mindestens 20 Jahren erstmalig untersucht wurden und b) für die Daten zu Lage, Zeitpunkt, 
Methoden und Ergebnissen der initialen Untersuchung vorlagen. Für die Abschätzung der Abundanzen 
der Gefäßpflanzen - sowie in einigen Wäldern auch der Moose und Flechten – wurden die Methoden 
der Erstuntersuchung verwendet. Zusätzlich wurden Umweltvariablen wie z.B. Boden-pH-Werte, 
Nährstoffverfügbarkeit und Bewirtschaftung in den Wiederholungsaufnahmen (und z.T. auch in der 
Erstuntersuchung) erfasst. Veränderungen in der Artenvielfalt und –zusammensetzung, Gruppen an 
Gewinner- und Verliererarten und die Treiber für diese Veränderungen wurden mit univariaten 
Signifikanztests, multivariaten Ordinationsmethoden (DCA: Detrended Correspondence Analysis, PCA: 
Principial Component Analysis) und Generalized linear models (GLM) analysiert.  
Die wichtigsten Treiber für Veränderungen im Eichen-Hartholzauenwald waren die geringere 
Lichtverfügbarkeit aufgrund der Aufgabe der historischen Nutzungsformen in der Mitte des letzten 
Jahrhunderts sowie die geringere Wasserverfügbarkeit im Boden. Die Artenvielfalt in der Krautschicht 
hat über die letzten Jahrzehnte zugenommen, hauptsächlich bedingt durch eine Zunahme an 
Waldarten (wie z.B. Paris quadrifolia und Mercurialis perennis) und Gehölzverjüngung. Arten, die in 
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ihrer Frequenz abgenommen haben, sind besonders feuchtezeigende Arten wie z.B. Primula elatior 
und Stachys sylvatica. Im Gegensatz zu anderen Untersuchungen aus zentraleuropäischen Wäldern 
wurden keine Effekte von Eutrophierung auf die Vegetation nachgewiesen. 
Die Haupttreiber in dem Thermophilen Eichen-Hainbuchenwald unter Mittelwaldwirtschaft waren die 
Veränderungen in Lichtverfügbarkeit und Störungsfrequenz durch die historische Bewirtschaftungs-
form. Trotz des geringeren Kronenschlusses bedingt durch die Bewirtschaftung gab es keine Zunahme 
an stickstoffzeigenden Arten. Der Ellenberg Zeigerwert für Stickstoff (EIV N) nahm über die letzten 
Jahrzehnte ab. Zugenommen hat über den Untersuchungszeitraum vor allem die Baum- und 
Strauchverjüngung (u.a. von Quercus robur, Fagus sylvatica und Acer pseudoplatanus). Abnahmen in 
der Frequenz wurden vor allem für Arten, die empfindlich auf Sommertrockenheit reagieren wie z.B. 
Adoxa moschatellina und Pulmonaria obscura, festgestellt. 
In dem subatlantischen Eichen-Hainbuchenwald hingen die Treiber stark von dem Bewirtschaftungs- 
und Vegetationstyp ab. In den initial nährstoffärmeren Bereichen war die Eutrophierung der wichtigste 
Treiber (Zunahme EIV N), während in den initial nährstoffreicheren Bereichen die Zeigerwerte für 
Stickstoff und Wasser und der pH-Wert abnahmen, was vermutlich mit einer Abnahme in der 
Wasserverfügbarkeit zusammenhängt. Unabhängig vom Vegetationstyp war in den bewirtschafteten 
Bereichen die Bewirtschaftung der wichtigste Treiber, was sich durch eine Zunahme der 
störungszeigenden Arten, der Vielfalt in der Strauchschicht und in der Zunahme des Zeigerwertes für 
Licht zeigt. Im Gegensatz dazu war in den unbewirtschafteten Bereichen der Kronenschluss die 
wichtigste Veränderung. Die unbewirtschafteten Bereiche des reicheren Typs zeigten die stärksten 
Veränderungen, da zusätzlich zu der Abnahme der Wasserverfügbarkeit auch die Lichtverfügbarkeit 
abnahm. Dies führte zu einer Abnahme der wasser-, stickstoff- und lichtzeigenden Arten wie z.B. 
Primula elatior und Festuca gigantea.  
Der wichtigste Treiber für Veränderungen in der Vegetation in den Bodensauren Eichenwäldern war 
die Eutrophierung. Die Aufgabe der Streunutzung im letzten Jahrhundert sowie die erhöhten 
Stickstoffeinträge führten zu starken Veränderungen in Bezug auf die Nährstoffsituation in diesen 
Wäldern. Die Verliererarten waren fast alle Flechten- und Moosarten sowie Indikatorarten für 
nährstoffarme, saure Böden wie z.B. Galium saxatile und Carex pilulifera. 
Die Auswirkungen der Treiber unterscheiden sich stark zwischen den einzelnen 
Eichenwaldökosystemen. Treiber und ihre Auswirkungen sind folglich waldtyp- und standortabhängig. 
Während Veränderungen in der Bewirtschaftung sich auf die Vegetation in allen Waldtypen 
auswirkten, zeigten sich Eutrophierungseffekte nur in den nährstoffärmsten Wäldern. Veränderungen, 
die in Bezug zu einer verringerten Wasserverfügbarkeit stehen, traten in den Wäldern auf, die stark 
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vom Wasser abhängen und in einem Wald, der auf Kalk-Rendzina mit einer geringen Wasserspeicher-
kapazität steht. Die einzigen Veränderungen, die vermutlich mit dem Klimawandel zusammenhängen, 
waren die Zunahme an immergrünen Arten wie z.B. Hedera helix in allen Waldtypen sowie die 
Abnahme von Arten, die empfindlich auf längere Trockenphasen reagieren in einem Waldtyp. Diese 
Arbeit unterstreicht die Notwendigkeit, Ökosysteme entlang von (Umwelt-) Gradienten zu 
untersuchen, um die Auswirkungen von Umweltveränderungen verstehen zu können.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xv 
 
 
 
1 
 
Chapter 1 
 
Introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Diversity 
in oak forest 
ecosystems 
 
 
 
Fig. 1-1. Phytodiversity in different oak forest types in NW Germany. Pictures taken by Ilka Strubelt.  
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Global dynamics of the biodiversity 
Intact ecosystems and biological diversity build the existential basis for human life, but the biological 
diversity is decreasing dramatically (e.g. Bellard et al. 2012; Butchard et al. 2010; Dirzo & Raven 2003; 
Hooper et al. 2012; Newbold et al. 2015; Pimm et al. 1995; Vitousek et al. 1997). Extinctions of species 
have always been part of the history of life on earth, but the domination of humans has caused a 
dramatic increase in the rate of extinctions (Dirzo & Raven 2003; Johnson et al. 2017; Pimm et al. 1995; 
Vitousek et al. 1997). Recent extinction rates are estimated to be 100 to 1000 times higher than those 
before the dominance of humans (Pimm et al. 1995). A recently published report of the United Nations 
organization IPBES (Intergovernmental Science-Policy Platform on Biodiveristy and Ecosystem 
Services) based on the analysis of almost 15000 studies revealed that up to 1 million animal and plant 
species risk extinction due to human influence within the next decades (IPBES Report 2019: URL: 
https://www.ipbes.net/news/Media-Release-Global-Assessment#_Scale_of_Loss accessed 07. May 
2019). Loss of species diversity affects the functionality aŶd pƌoduĐtiǀitǇ of Eaƌth͛s eĐosǇsteŵs aŶd 
thus, the basis for human life (Hooper et al. 2012). Among other ecosystems, particularly forest 
ecosystems and their herb layer species are affected by the loss of biodiversity (Gilliam 2007). The 
major reasons for this human-driven loss of biodiversity are habitat loss and degradation, land-use 
change, overexploitation, climate change, pollution and alien species resulting from agricultural 
activities, extraction activities and urban development (Dirzo & Raven 2003; Maxwell et al. 2016, Sala 
et al. 2000; IPBES Report 2019: URL: https://www.ipbes.net/news/Media-Release-Global-
Assessment#_Scale_of_ Loss accessed 07. May 2019). In Germany, 72.5 % of the occurring habitats are 
under threat (BMU 2011; Finck et al. 2017). Not only the loss of biodiversity but also the changes in 
plant species composition have become central topics over the past decades (e.g. Becker et al. 2017; 
Fischer et al., 2010; Heller & Zavaleta, 2009; Lindner et al., 2010; Milad et al., 2011; Pompe et al., 2010; 
Prach & Kopecký 2018; Vojík & Boublik 2018). In order to halt the loss of biodiversity and develop 
effective conservation measures a deeper understanding of the effects of environmental changes on 
ecosystems and species is urgently needed (BMU 2011; Hooper et al. 2012). 
 
Central European oak forests – why are they important? 
History of the vegetation in Germany after the last Ice Age 
Since approximately 90 % of Germany would be covered by forests without human impact (Ellenberg 
& Leuschner 2010; Hofmann et al. 2000), forests play a major role in the conservation of biodiversity. 
Particularly mixed oak (Quercus robur and Q. petraea) forests play an important role (e.g. Böhme 1991; 
Heydemann 1982; Kennedy & Southwood 1984; Leidinger et al. 2019; Pilskog et al. 2016; Ranius et al. 
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2005; Widerberg et al. 2018; Zacharias 1996). To understand the current situation of oak forests in 
Germany it is necessary to look back some thousands of years. After the Last Glacial Maximum (LGM, 
26000 to 20000 years ago; Clark et al. 2009) Central Europe was left as a forest-free landscape (Härdtle 
et al. 2004). The following period of changing conditions (i.e. warming) lasted approximately until 
10000 years before present (Bortenschlager 1972). The Central European tree species only survived in 
refugia in the very south of Europe (Brewer et al. 2002; Demesure et al. 1996; Frenzel 1968; Petit et al. 
2002). With warmer conditions tree species started to disseminate and arrived in NW Germany about 
13000 years ago (Speier 1997). The first trees that arrived were Betula pubescens, B. pendula and Pinus 
sylvestris (Kubitzki 1960). Oak trees (Fig. 1-2) arrived in NW Germany approximately 8000 years ago 
and formed mixed forests with Tilia platyphyllos, T. cordata, Acer platanoides, Ulmus glabra and 
Fraxinus excelsior until the spread of the competitive beech (Fagus sylvatica; Fig. 1-3; Behre 1978; 
Brewer et al. 2002; Härdtle et al. 2004; Kramm 1978). Until today, oak trees occur widespread in the 
temperate forests of Europe (Bohn et al. 2004). The first records of beech pollen in NW Germany are 
from approximately 5000 to 3000 years ago (Behre 1978; Kramm 1978; Kubitzki 1960). Beech trees 
started to spread slowly in NW Germany between approximately 4000 – 1000 years before present 
(Behre 1978; Kubitzki 1960) and represent nowadays the potential natural vegetation in most parts of 
NW Germany (Kaiser & Zacharias 2003).  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1-2 and 1-3. 1.2. Oak forest with trees of Quercus robur; 1.3. Beech forest with trees of Fagus sylvatica. Pictures taken by 
Ilka Strubelt in NW Germany. 
1-3 1-2 
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Influence of humans on forests  
Almost all Central European forests have a long history of management (Ellenberg & Leuschner 2010; 
Härdtle et al. 2004; Kremser 1990; Meyer et al. 2006; Niedersächsische Landesforsten 2014; Peterken 
1993). Next to the forest clearance for human settlements and agriculture (particularly from the 
beginning of the Middle Age), wood pasture, hay-making, litter raking, coppicing and timber harvesting 
have been common management practices for millenia (Table 1-1; Härdtle et al. 2004; Kremser 1990). 
When humans started to settle in NW Germany approximately 3000 years ago (Behre 1978; Kramm 
1978; Schmid & Zimmermann 1976) mixed oak (Quercus robur and Q. petraea) forests were the 
dominant forest type (Behre 1978; Härdtle et al. 2004; Kramm 1978). From the Stone Age up to the 
18th century, it was common to use forests as wood pasture for the livestock (Fig. 1-4 – 1-7; Bergmeier 
et al. 2010; Härdtle et al. 2004; Plieninger et al. 2015; Weber 1986). The consequences were a lack of 
natural regeneration of trees and a change in species composition (Table 1-1). The early settlers 
preferred particularly oak trees for feeding their livestock with acorns and utilized the timber for 
building houses and ships (Ellenberg & Leuschner 2010; Peterken 1993; Reif & Gärtner 2007; Schubart 
1966; Zacharias 2007). To cover the future demand of timber new oak trees were planted. In so doing 
the settlers influenced the tree structure and composition of the forests (Ellenberg & Leuschner 2010). 
From the beginning of the Iron Age (ca. 800 BC) to the beginning of the 20th century litter raking was a 
common management practice (Fig. 1-8 – 1-11; Härdtle et al. 2004; Heinken 1995; Kremser 1990). Tree 
litter raking is a form of land use where large amounts of biomass are removed from the forest floor 
and used as bedding for animals (Glatzel 1991, Table 1-1). Tree litter raking led to a regular removal of 
nutrients and thus, to degradation of the soils (Heinken 1995; Härdtle et al. 2004; Vild et al. 2015).  
Hay-making by pollarding trees (preferable Fraxinus excelsior, Ulmus spp., Betula spp., Acer spp., 
Corylus avellana and Carpinus betulus) was a frequent pratice from ca. 3000 BC to the beginning of the 
20th century in N Germany (Fig. 1-12 – 1.14; Behre 2001; Ellenberg & Leuschner 2010; Härdtle et al. 
2004). Coppicing and coppice-with-standards were the most common management practices in 
Central European forests from approximately the beginning of the 13th century until the beginning of 
the 20th century (Fig. 1-15 – 1-18; Ellenberg & Leuschner 2010; Härdtle et al. 2004). Coppicing is a 
rotation system based on harvesting the underwood every 7 to 40 years (Ellenberg & Leuschner 2010; 
Hédl et al. 2010; Szabó 2010; Szabó et al. 2015; Table 1-1.). Coppice-with-standards combines the 
coppicing system with keeping some trees (=standards) for longer periods in order to build timber 
(Ellenberg & Leuschner 2010; Szabó 2015). For the coppicing and coppice-with-standards management 
systems, next to oak trees hornbeams (Carpinus betulus) were used, as they show a good ability to 
regrow from stumps (better than beech trees; Ellenberg & Leuschner 2010). These management 
practices led to comparatively species-rich systems with a co-existence of light-demanding and shade-
tolerant plant species (Hédl et al. 2017b; Kirby et al. 2017; Vild et al. 2013). From the beginning of the 
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20th century the management system changed to high forest management (forest with the aim to 
produce straight trunk trees = timber trees), resulting in a strong decrease in plant species diversity 
and changes in species composition (Fig. 1-19 and 1-20; Becker et al. 2017; Hédl et al. 2010; Kopecký 
et al. 2013). High forest management is the most common management practice in modern forestry, 
as it is more profitable and produces more high-quality and construction timber (Härdtle et al. 2004).  
Since almost all European forests have been altered by management, knowledge about natural 
development was scarce. To ensure and understand long term natural development, strict forest 
nature reserves without human impact were needed. In Germany, first ideas about the establishment 
of strict forest nature reserves without any human impact emerged in the beginning of the 20th century 
(Meyer et al. 2006). The oldest forest nature reserves in Germany are now unmanaged since the end 
of the 19th century, the youngest since 2017 (https://www.naturwaelder.de/; accessed 24. Apr 2019).  
The millenia of years of management influenced the structure and species composition of the forests. 
The oak forests that occurred in former times have not only been altered by humans but also fostered. 
Until today oak forests have been promoted on many sites. Consequently, oak dominated forests are 
widespread in Central Europe although most of them would have been replaced by beech or mixed 
forests under natural conditions (Härdtle et al. 2004). Nowadays the vegetation in Germany is a result 
of the long period of human management and thus, a mixture of forests that correspond to the concept 
of the potential natural vegetation and forests that can be seen as relics from earlier times.  
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Table 1-1 Historical management practices in Central European forests in the Holocene. A description of the pratices, the 
relevant time period, the purpose and the consequences as well as relevant literature is given. 
Management Time period Description Purpose Consequences References 
Wood pasture Stone Age – 
18th Century 
Letting the 
livestock 
graze in 
forests 
Feeding the 
livestock 
Prevention of 
natural 
regeneration of 
trees 
Changes in 
species 
composition 
(selective 
grazing) 
Lighter 
conditions 
Winner: ruderal 
species, grass 
species 
Loser: 
geophytes 
Bergmeier et 
al. 2010; 
Härdtle et al. 
2004;  
Plieninger et 
al. 2015; 
 
Weber 1986 
Tree litter 
raking 
Beginning of 
the Iron Age 
(ca. 800 BC) – 
beginning of 
the 20th 
century 
Collecting 
the tree 
litter from 
the forest 
ground 
Bedding for 
animals and 
subsquently 
as fertilizer 
Removal of 
nutrients  
Degradation of 
the soils 
Acidification of 
the soils 
Winner: lichen 
and bryophyte 
species; 
indicator 
species for 
nutrient-poor 
soils; annual 
species 
Douda et al. 
2017; 
Fischer et al. 
2015; 
Glatzel 1991; 
1999 
Härdtle et al. 
2004; 
Heinken 
1995; 
Vild et al. 
2015 
Hay-making by 
pollarding trees 
ca. 3000 BC – 
beginning of 
the 20th 
century 
Cutting 
appropriate 
tree 
species in 
2m height 
every 3-4 
years 
 
Feeding the 
livestock 
 
Fostering of 
tree species 
that were able 
to regrow after 
pollarding (e.g. 
Fraxinus 
excelsior, Ulmus 
spp., Carpinus 
betulus) 
 
Behre 2001; 
Ellenberg & 
Leuschner 
2010; 
Härdtle et al. 
2004 
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Management Time period Description Purpose Consequences References 
Coppicing and 
coppice-with-
standards 
Beginning of 
the 13th 
century – 
beginning of 
the 20th 
century 
Coppicing: 
Harvesting 
rotation 
system 
with 
rotation 
periods of 
7 to 40 
years 
Standards 
are kept for 
longer 
periods 
 
Coppicing: 
firewood 
Standards: 
feeding 
livestock, 
timber 
production 
Alternation of 
light and 
shaded phases 
Mosaic of 
different 
habitats 
Comparatively 
species-rich 
systems with 
co-existence of 
light-
demanding and 
shade-tolerant 
plant species 
Ellenberg & 
Leuschner 
2010; 
Härdtle et al. 
2004; 
Hédl et al. 
2017b; 
Kirby et al. 
2017; 
Szabó 2010; 
Szabó et al. 
2015; 
Vild et al. 
2013; 
Zacharias 
1996 
High forest 
management 
Beginning of 
the 20th 
century 
Modern 
forestry 
with high 
growing 
trees 
Timber 
production 
Change from 
coppicing to 
high forest → 
Decrease in 
plant species 
diversity 
Changes in 
species 
composition 
Decrease in 
light-
demanding 
species 
Becker et al. 
2017; 
Härdtle et al. 
2004; 
Hédl et al. 
2010; 
Kopecký et al. 
2013; 
Müllerová et 
al. 2015 
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Fig. 1-4 – 1-7. Wood pastures. 1-4. Pigs (Sus scrofa domesticus) searching for acorns in an oak forest in S Germany. Picture 
taken by Hans-Hinrich Huss). 1-5. Cattle (Bos taurus) grazing in an downy oak forest (Quercus pubescens) in Italy. Picture taken 
by Rainer Köpsell. 1-6. Cattle (Bos taurus) grazing in an Acidophilous oak forest in England. Picture taken by Cord Peppler-
Lisbach. 1-7. Open park landscape resulting from wood pasture in England. Picture taken by Cord Peppler-Lisbach.  
Fig. 1-8 – 1-11. Tree litter raking. 1-8. Woman with children filling bag with tree litter, Switzerland. Picture: Schweizerisches 
Institut für Volkskunde; published in Stuber & Bürgi 2012, p. 45; 1-9. Tree litter raking, Switzerland. Picture: Werner Imseng; 
published in Stuber & Bürgi 2012; p. 42. 1-10. Carrying the tree litter, Switzerland. Picture: Ernst Brunner, Schweizerisches 
Institut für Volkskunde, Basel; published in Stuber & Bürgi 2012, p. 36; 1-11. Painting: Ernest Biéler, Litter-collecting woman, 
ca. 1909, Art museum Wallis Sitten.  
1-8 1-9 
1-10 1-11 
1-4 1-5 
1-6 1-7 
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Fig. 1-15 – 1-18. Coppice-with-standards forest in NW Germany. 1-15. Recently coppiced area; 1-16. Coppiced Carpinus 
betulus stemp; 1-17. Recently coppiced area; 1-18. Carpinus betulus firewood from coppicing. Pictures taken by Dietmar 
Zacharias. 
Fig. 1-19 – 1-20. High forest management in NW Germany. 1-19. Beech forest; 1-20. Mixed beech oak forest. Pictures taken 
by Ilka Strubelt. 
Fig. 1-12 – 1-14. Pollarding. 1-12 and 1-13. Pollard tree (Carpinus betulus) in the Hasbruch forest. Pictures taken by Ilka 
Strubelt; 1-14. Pollard trees (Carpinus betulus) in NW Germany. Picture taken by Thilo Heinken.  
1-12 1-13 1-14 
1-15 1-16 
1-17 1-18 
1-19 1-20 
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Oak forests and biodiversity 
Central European oak forests play a major role in conserving the biodiversity in forests since oak forests 
host the highest amount of species of different groups compared to other European forest ecosystems 
(e.g. Ammer & Schubert 1999; Böhme 1991; Heydemann 1982; Kennedy & Southwood 1984; Leidinger 
et al. 2019; Pilskog et al. 2016; Ranius et al. 2005; Widerberg et al. 2018; Zacharias 1996). It is known 
that oak (Quercus robur and Q. petraea) trees host 179 butterfly species (Hacker 1998), more than 500 
saproxylic beetles (Palm 1959) and in total more than 1000 beetle species (Bußler 2014; MIL & MUV 
2010). Many of those species are monophagous, i.e. are living only on Quercus trees. A large amount 
of species that live in oak trees are endagered species (Bußler 2014). Oak trees also show the highest 
diversity of fungi species compared to other native tree species (Blascke & Nannig 2014; Bußler 2014). 
The hollows of Quercus spp. represent a good habitat for insects, mites, pseudoscorpions, birds and 
bat species (Bußler 2014; Lučan et al. 2009; Ranius et al. 2011; Taylor & Ranius 2014; Wesolowski 
2007). Particularly old oak trees host many (rare and endangered) epiphytic lichen species (e.g. ca. 300 
species are known to live on oak trees in Sweden; Ranius et al. 2008). The diverse tree crown structure 
of oak trees offers habitats for numerous arthropod species that serve as a food source for many bird 
species (Berecki 2014; Böhm & Kalko 2009; Mölder et al. 2019; Pasinelli 2000). Oak forests do not only 
host a variety of different animal species but are also characterized by a species rich herb layer (Mölder 
et al. 2019; Zacharias 1996). Zacharias (1996) revealed that oak-hornbeam forests in NW Germany host 
about 25 % more plant species in the herb layer than beech forests in comparable habitat conditions. 
Zacharias (1996) found 47 plant species that have their main occurrence in oak-hornbeam forests and 
in contrast 27 with their main occurrence in beech forest in comparable conditions. Many typical plant 
species of oak forests are relatively light-demanding, i.e. need an open canopy structure and thus, 
suffer under the closed canopies of e.g. beech trees (Becker et al. 2017; Hédl et al. 2010, Kopecký et 
al. 2013; Müllerová et al. 2015; Schmidt & Schmidt 2007; Zacharias 1996).  
Different reasons can be named for the high biodiversity in oak forests. (1) The long time span of 
existence: Since oak forest were the common forest type when settlers arrived in NW Germany and 
have been used but also promoted ever since, we can assume that some oak forests of today have 
been ancient forest since thousands of years. Compared with beech forests, oak forests are much older 
ecosystems (Ellenberg & Leuschner 2010; Kramm 1978). (2) The old age of oak trees: European oak 
trees can become more than 1000 years old (Fig. 1-21 – 1-23) and thus, offer long-lasting habitats for 
many saproxylic species (e.g. Drobyshev & Niklasson 2010). (3) The factor light: oak trees are light-
demanding trees that also produce less shadow for the forest ground than beech trees (Fig. 1-24; 
Ellenberg & Leuschner 2010) and thus allow more species to live on, in and under them.  
(4) Microhabitats: the specific growth of oak trees provides numerous different microhabitats  
(Fig. 1-25 – 1-27; such as hollows, broken branches, deeply fissured bark and bark pockets; Ranius et 
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al. 2009, Vuidot et al. 2011) which are important for various animals (such as bats, woodpeckers, the 
protected beetle Osmoderma eremita, other beetles, Hymenoptera, spiders; Winter & Möller 2008). 
The number of microhabitats in oak trees is generally larger than in beech trees (Strubelt & Zacharias 
2015; Thiel 2012; Vuidot et al. 2011) 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1-21 - 1-23. Friederikeneiche. More than 1000 years old oak tree in the Hasbruch forest in NW Germany. Pictures taken 
by Ilka Strubelt. 
 
Fig. 1-24. Canopy of oak trees in an Acidophilous oak forest in NW Germany. Picture taken by Ilka Strubelt. 
Fig. 1-25 – 1-27. Microhabitat on oak trees in NW Germany. 1-25. Hollow; 1-26. Bark pocket; 1-27. Cavity string. Pictures taken 
by Ilka Strubelt (1-25, 1-26) & Dietmar Zacharias (1-27). 
1-21 1-22 1-23 
1-24 
1-25 1-26 1-27 
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The drama of oak forests 
In times of dramatical decrease of the biological diversity, ecosystems hosting a high number of 
different species - such as mixed oak forests - are of particular value (e.g. Mölder et al. 2019). But since 
probably most of the oak forests in (not just) NW Germany inhabit secondary sites (i.e. potential 
natural beech forest sites), oak forests have faced strong changes in the last decades. In natural 
competition, oak trees have a much greater longevity than beech or other shadow-tolerant tree 
species, but oak regeneration is in most cases not successful under the shadow of these trees 
(Ellenberg & Leuschner 2010). Oak trees, consequently, can only be dominant trees in forests where 
beech trees do not play a major role (either due to the ecological restrictions of beech or due to 
forestry; Ellenberg & Leuschner 2010). While both beech and oak trees grow best on moderate sites, 
oak trees have a wider amplitude of suitable growing conditions (Ellenberg & Leuschner 2010).  
In former times, the situation was different: As humans were using different products of oak trees, 
they have been supported ever since humans settled and started to use and manage forests (Ellenberg 
& Leuschner 2010; Härdtle et al. 2004; Meyer et al. 2006). With the big changes in the management 
system in the last centuries (abandonment of traditional management such as wood pastures and 
coppicing) and the increased need of (fast growing) high quality and construction timber (Härdtle et 
al. 2004), oak forests face endangerment (NWLKN 2009b, 2010a, 2010b). Oak trees grow relatively 
slowly (Ellenberg & Leuschner) and successful oak regeneration (Fig. 1-28 and 1-29) is labor- and cost-
intensive since it depends on a variety of factors, such as light supply, predation of acorns, grazing by 
deer, competition, water supply and deseases (Kamler et al. 2016; Kühne 2004; Mölder et al. 2019; 
Reif & Gärtner 2007). In the modern forestry, foresters often use other tree species (e.g. Fagus 
sylvatica) in order to produce fast growing high quality timber (e.g. Kremser 1990). Thus, the main 
threat to mixed oak forests in NW Germany is the development to beech forests (natural succession 
or supported by forestry) (NLWKN 2009b, 2010a, 2010b). 
 
 
 
 
 
 
 
Fig. 1-28 and 1-29. Successful natural regeneration of oak trees in mixed oak forests in NW Germany. Pictures taken by Ilka 
Strubelt. 
1-28 1-29 
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Importance of long-term monitoring 
In order to detect and understand changes in the plant species composition in ecosystems, long-term 
monitoring studies are crucial tools (Bakker et al. 1996; Fischer 1997; Hédl et al. 2017a; Kapfer et al. 
2017). Since vegetation dynamics are often slow, as many environmental drivers work over longer time 
periods, it is important to consider appropriate time-scales (often decades) so that it can be excluded 
that changes are a result of short-term fluctuations (e.g. Hédl et al. 2017a; Kapfer et al. 2017). The best 
way to study long-term changes is by establishing and analysing permanent plots (Kapfer et al. 2017). 
However, studies using permanent plots are scarce (Kapfer et al. 2017). In the past two decades, 
resurveys of historical records about vegetation data have been increasingly used to detect and 
interpret long-term changes in vegetation (e.g. Bernhardt-Römermann et al. 2015; Chytrý et al. 2019; 
Kapfer et al. 2017). Depending on the precision of the documentation of the methods and the location, 
Kapfer et al. (2017) distinguished between two types of these non-permanently marked plots: quasi-
permanent plots (approximate plot-specific location is available) or non-traceable plots (plot-specific 
location is not available). While quasi-permanent plots can be relocated using maps with the plot 
location, site descriptions or sketch maps, non-traceable plots can only be related to a certain area 
(Kapfer et al. 2017). The effect of relocation errors using quasi-permanent plots might be minor in 
comparison with the temporal changes, particularly in relatively homogeneous vegetation (Kapfer et 
al. 2017; Ross et al. 2010). In fact, Kopecký and Macek (2015) compared temporal changes in 
vegetation (e.g. plant species richness, species frequency, species composition etc.) between exactly 
and approximately relocated plots and showed that the changes were not higher on approximately 
relocated plots. However, when resurveying historical vegetation records the observers usually differ 
between the initial survey and the recent survey (e.g. Verheyen et al. 2018). The study of Verheyen et 
al. (2018) revealed that observer and relocation error should be taken into account in resurveys of 
historical non-permanent plots, but they also concluded that observer errors can be minimized when 
experienced observers perform the studies. Consequently, resurveying historical vegetation records 
even on quasi-permanent plots provides reliable information about changes in vegetation and 
historical records are an important resource for studying changes in diversity (Kapfer et al. 2017; 
Kopecký & Macek 2015; Verheyen et al. 2018). 
Vegetation resurveys can also be used to detect environmental changes. As the historical records 
usually do not contain measurements of environmental variables, Ellenberg indicator values (Ellenberg 
et al. 1992) derived from the species data are often and successfully used (Diekmann 2003; Hédl et al. 
2017a). However, measuring environmental variables directly is still the best option (e.g. Hédl et al. 
2017a). 
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Current dynamics of diversity in Central European forests 
In the past few decades, the forests in Central Europe have faced strong vegetation shifts, including an 
increase in shade-tolerant and nutrient-demanding species (Baeten et al. 2009; Becker et al. 2017; 
Hédl et al. 2010; Perring et al. 2018; Verheyen et al. 2012; Verstraeten et al. 2013) as well as a general 
increase in tree regneration (Becker et al. 2017) and a decrease in herb layer species richness (Baeten 
et al. 2010; Becker et al. 2017; Hédl et al. 2010; Kopecký et al. 2013; Mölder et al. 2014; Müllerová et 
al. 2015; Schmidt & Heinrichs 2015; Schulze et al. 2015). The most discussed drivers of the vegetation 
shifts are: 
1. Change in the management system:  The historical forest management practices such as wood 
pasture, litter raking, coppicing, coppice-with-standards management shaped the Central European 
forest over centuries. They particularly led to a higher light availability on the forest ground as well as 
a degradation of the soils (Heinken 1995; Härdtle et al. 2004; Vild et al. 2015). In the last century, these 
management practices have been largely abandoned (Glatzel 1991; Härdtle et al. 2004), which resulted 
in a strong decrease in plant species diversity, particularly in light-demanding and thermophilous 
species and an increase in shadow-tolerant species (Becker et al. 2017; Hédl et al. 2010; Heinrichs & 
Schmidt 2017; Kopecký et al. 2013; Müllerová et al. 2015; Vojík & Boublík 2018). In now unmanaged 
forests with natural succession, the most obvious trends are a strong increase in tree and shrub layer 
coverage (mainly attributed to a strong increase in the competitive, shade-tolerant tree species Fagus 
sylvatica), accompanied by a strong decrease in light intensity and the herb layer coverage (Fischer et 
al. 2009; Mölder et al. 2014; Schmidt 2005) as well as a strong decrease in light-demanding species 
and species reacting positively to disturbance (Schmidt & Schmidt 2007). 
2. Nitrogen deposition: The atmospheric nitrogen (N) deposition has increased over the past decades 
(Dentener et al. 2006; Galloway et al. 2004). The annual N deposition in forests in NW Germany is 
between 15 - ϯϰ kg ∙ ha−1 ∙ Ǉeaƌ−1 (https://gis.uba.de/website/depo1/; accessed 27 Apr 2019). In 
contrast, the critical loads for N depositions in forests are 10 – 15 kg ∙ ha−1 ∙ Ǉeaƌ−1 respectively 8 – 10 
kg ∙ ha−1 ∙ Ǉeaƌ−1 for nutrient-poor soils (Bobbink et al. 2010) and thus, strongly exceeded. The effects 
of the increased N deposition are an increase in nutrient-demanding herb layer species and a decrease 
in indicator species for nutrient-poor soils (Förster et al. 2017; Diekmann 2010; Diekmann & Dupré 
1997; Hédl et al. 2010; Heinken 2019; Perring et al. 2018; Van Dobben & De Vries 2017; Verstraeten et 
al. 2013). Verheyen et al. (2012) revealed that the effects of increased N deposition can be obscured 
by other changes (e.g. increasing canopy cover after change in management). 
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3. Climate change:  The average global surface temperature has increased of 0.85 °C over the time 
period 1880 to 2012 (IPCC 2014). In the Northern Hemisphere, the time period from 1983 to 2012 is 
estimated as the warmest period of the last 1400 years (IPCC 2014). The probability for extreme 
weather events such as heavy precipitation and heat and dry periods has increased, whereas cold 
temperature event decreased (IPCC 2014). For German forests an increase in evergreen species has 
been documented (Diekmann 2010; Heinken 2019; Heinrichs et al. 2012; Naaf & Wulf 2011). Since 
evergreen species are sensitive against low temperatures, the increase can be related to milder winters 
(Dierschke 2005; Naaf & Wulf 2011). Particularly the increase of climbing Hedera helix on trees can be 
seen as a consequence of milder winters since it is more exposed to the climatic conditions (Becker et 
al. 2017; Dierschke 2013). Also the elevated atmospheric CO2 is discussed to have a direct positive 
effect on the growth of Hedera helix (Zotz et al. 2006). Müller-Haubold et al. (2015) attribute the 
increased fructification of beech trees to the higher radiation caused by increased light duration 
resulting from climate warming. However, so far, studies rather found a decrease in thermophilous 
species over the last decades than an increase (e.g. Hédl et al. 2010; Heinrichs & Schmidt 2017). In fact, 
the study of De Frenne et al. (2013) revealed that the increasing canopy closure buffers the effects of 
the increasing temperature on herb layer species in forests.  
4. Game density: The density of game (particularly Capreolus capreolus, Cervus elaphus, Sus scrofa and 
Dama dama) has increased steadily in Germany since ca. 1950 (Ammer et al. 2010; ML 2003). High 
game densities result in a decrease in tree regeneration, tree species diversity and shrub layer 
coverage and diversity (Boulanger et al. 2018; Verheyen et al. 2012; Vojík & Boublík 2018) as well as in 
an increased expansion of nitrophilous species (Dölle et al. 2016; Hédl et al. 2010). With regards to the 
herb layer, exposure to game can lead to an increase in species richness due to the grazing of the shrub 
layer (Boulanger et al. 2018; Nessing & Zerbe 2002; Vild et al. 2016).  
Mixture of different drivers: All listed possible drivers can have effects on the forest vegetation – 
either together or separately. The effects might differ between the different forest communities, the 
different management types and between the different histories of the forests (e.g. De Frenne et al. 
2011; Verheyen et al. 2012). Perring et al. (2018) stated that both management legacies and 
environmental changes need to be considered when explaining changes in forest vegetation.  
However, most of the studies about long-term dynamics of the vegetation in forests and the potential 
drivers deal with beech forests (Dierschke 2013; Förster et al. 2017; Heinrichs & Schmidt 2017; Mölder 
et al. 2014; Schmidt & Heinrichs 2015), with Pannonian and Thermophilous oak forests (with Quercus 
pubescens, Q. petraea and Q. cerris) in the Czech Republic (Habitat types: 91G0, 91H0, 91I0; Hédl et al. 
2010; Kopecký et al. 2013; Müllerová et al. 2015) or with oak forests (with Quercus robur) from other 
regions in Europe (South Sweden: Brunet et al. 1996; Brunet et al. 1998; Diekmann et al. 1999; Central 
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and South Belgium: Baeten et al. 2009; Verstraeten et al. 2013). Studies about long-term dynamics in 
lowland oak forests in NW Germany are scarce and the few exisiting studies lack environmental 
measurements (Becker et al. 2017; Heinken 2019). No research has so far addressed the long-term 
changes in the vegetation in the four different occurring oak forest habitat types in the lowlands of 
Lower Saxony, Germany in combination with the analysis of the effects environmental variables and 
management.  
Aims of this thesis 
Since oak forests on the one hand play a major role in the conservation of biodiversity and on the other 
hand are heavily endangered forest ecosystems that face a variety of threats (Drachenfels 1996; 
NLWKN 2009a, 2009b, 2010a, 2010b; Rennwald 2000) it is important to understand the ongoing 
processes and shifts in these forests in order to develop effective conservation measures. It is 
particularly important to understand the reactions of oak forest ecosystems to changes in 
management, climate, nutrients, water balance and light supply. It is further necessary to understand 
whether the reactions of the forests differ between different forest types. For these goals data from 
long-term monitoring in different oak forest ecosystems are needed. Since resurveying historical 
vegetation plots is the most exact way to detect long term dynamics of the plant species in ecosystems 
(Fischer 1997; Kapfer et al. 2017), this method was used in this thesis. In order to detect and 
understand the ongoing processes in and the effects of environmental changes on oak forests, 
vegetations studies on (quasi-) permanent plots have been carried out in the four different oak forest 
habitat types in NW Germany (91F0: Alluvial hardwood oak forests; 9170: Thermophilous oak-
hornbeam forest; 9160: Sub-Atlantic and Central European oak-hornbeam forests; 9190: Acidophilous 
oak forests; a description of the habitat types can be found in Chapter 2). All studies were conducted 
on plots that a) had been analysed - with respect to plant species and if available also with respect to 
environmental variables – decades (at least 20 years) ago and b) for which data about the location, 
time, methods and results of the first investigation were available. The plots were either permanently 
marked or detailed description of the location together with sketch maps and geographical coordinates 
were available. In every plot the abundances of the vascular and in some cases also of the bryophyte 
and lichen species were recorded using the methods applied in the initial investigation. To better 
understand the effect of different potential drivers on the vegetation, analyses of environmental 
variables (such as pH, soil nutrients, light availability, management, groundwater table etc.) were 
made. The main aim of this thesis was to detect and understand the long-term changes in the 
vegetation in the four occurring oak forest habitat types in NW Germany. With the research presented 
in this thesis I aim to answer the following main questions:  
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(1) How has the vegetation of Alluvial hardwood oak forests (Chapter 3), Thermophilious oak-
hornbeam forests (Chapter 4), Sub-atlantic oak-hornbeam forests (Chapter 5) and 
Acidophilous oak forests (Chapter 6) changed over the past decades? 
(2) What are the drivers of these changes in the vegetation in oak forest ecosystems (Chapters 
3, 4, 5, 6, 7)? 
(3) Do the observed changes and the drivers differ between the different oak forest ecosystems 
(Chapter 7)?  
More specifically, the following research questions are addressed in this thesis: 
(1) How do species richness and composition in the different oak forests change against the 
background of the change in forest management practices in the last decades? And is there a 
difference in the different oak forest habitat types concerning this topic? (Chapters 3, 5 & 6) 
(2) Which effect does the eutrophication of the soils have on the species composition in oak 
forests? Do the effects differ between the different oak forest habitat types (i.e. differ 
between initially nutrient-richer and initially nutrient-poorer communities)? And which effect 
does management (i.e. opening of the canopy) have on this; i.e. is there evidence for the so 
Đalled ͞ŶitƌogeŶ tiŵe ďoŵď͟ sĐeŶaƌio that ǁith opeŶiŶg the ĐaŶopǇ the fƌeƋueŶĐǇ of 
nitrogen-demanding species increases due to the release of the nitrogen accumulated in the 
soils (as described in Verheyen et al. 2012 and shown in Hédl et al. 2017b and Vild et al. 
2013)? (Chapters 3, 4, 5, 6 & 7)  
(3) Are there any effects of the climate change on the species composition visible in oak forests? 
(Chapters 5, 6 & 7) 
(4) Aƌe theƌe ͞uŶiǀeƌsal͟ gƌoups of ǁiŶŶeƌ aŶd loseƌ speĐies that shoǁ the saŵe tƌeŶds iŶ all 
studied oak forest types? Or are the winner and loser species rather specific for each type? 
Which are the winner and loser species? (Chapter 7) 
(5) Which effect do different management practices (e.g. coppice-with-standard management; 
abandonment of management) have on species richness and composition in oak forests? 
Which groups of species benefits from management? (Chapters 4 & 5) 
(6) What is the possible role of oak trees in these forests in the future? Is there (natural) 
regeneration of oaks? And are there any differences between the different habitat types in 
terms of oak regeneration? (Chapter 7) 
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Contribution of the chapters 
In NW Germany four different oak forest habitat types are occuring (Drachenfels 2016; ML & MU 
2018). Vegetation resurveys have been carried out in each of these four habitat types. The results are 
presented in individual research articles in the Chapters 3, 4, 5 and 6. An overview of the four resurvey 
studies is presented in Table 1-2. The results of these research articles are summarized and discussed 
in Chapter 7.  
Table 1-2. Overview of the four studies presented in this thesis with the corresponding research article, the studied oak forest 
habitat type, the type of resurvey and the study period as well as the main objectives. 
Chapter 3 – Alluvial hardwood oak forest 
 
Research article Strubelt, I., Diekmann, M. & Zacharias, D. 2017. Changes in species composition 
and richness in an alluvial hardwood forest over 52 years. Journal of Vegetation 
Science 28: 401-412. 
Habitat type 91F0: Alluvial hardwood oak forest  
Resurvey type Permanent plots studied in 1960, 2002 and 2012 
Main objectives  To study changes in species richness and compostion in an Alluvial oak 
forest over half a century 
 To name environmental drivers of the observed changes over time 
 To analyse drivers of spatial differences in species richness 
Chapter 4 – Thermophilous oak-hornbeam forest under coppice-with-standards management 
 
Research article Strubelt, I., Diekmann, M., Griese, D. & Zacharias, D. 2019. Inter-annual 
variation in species composition and richness after coppicing in a restored 
coppice-with-standards forest. Forest Ecology and Management 432: 132-139.  
Habitat type 9170: Thermophilous oak-hornbeam forest  
Resurvey type Permanent plots studied in 1994, 1995, 1996, 1997, 1998, 1999, 2000, 2001, 
2002 and 2013 
Main objectives  To study coppicing induced changes in species richness and composition 
from year to year 
 To study how the restoration of coppice-with-standards management 
affects species richness  
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Chapter 5 – Oak-hornbeam forest – unmanaged and managed stands 
 
Research article Strubelt, I., Diekmann, M., Peppler-Lisbach, C., Gerken, A. & Zacharias, D. 2019. 
Vegetation changes in the Hasbruch forest nature reserve (NW Germany) 
depend on management and habitat type. Forest Ecology and Management 
444: 78-88. 
Habitat type 9160: Sub-Atlantic and Central European oak-hornbeam forest on 
intermittently or continuously damp soils   
Resurvey type Quasi-permanent plots studied in 1996 and 2016 
Main objectives  To study changes in species composition and richness in a Sub-Atlantic oak-
hornbeam forests over 20 years  
 To study if the trends are different in unmanaged and managed forests 
stands 
 To study if the trends are different in different vegetation types 
 To name drivers of the observed changes 
Chapter 6 –  Acidophilous oak forest  
 
Research article Strubelt, I., Diekmann, M., Heinken, T., Gräpel, V., Dobrick, J. & Zacharias, D. 
Drivers of changes vascular and bryophyte species richness and composition in 
Acidophilous oak forests in NW Germany over 24 years. Manuscript.  
Habitat type 9190: Acidophilous oak forests on sandy plains  
Resurvey type Quasi-permanent plots studied in 1990/1991 and 2014/2015 
Main objectives  To study changes in vascular and bryophyte species composition and 
richness in Acidophilous oak forests over 24 years 
 To name drivers of the observed changes 
 To study if there are different trends for vascular and bryophyte species 
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 Fig. 2-1. Study area: the federal state of Lower Saxony, NW Germany. Map: source: www.d-maps.com accessed: 08. May 
2019. 
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Characterisation of the study area 
The studied forests are situated in the lowlands of the federal state of Lower Saxony, Northwest 
Germany, Central Europe (Fig. 2-2). The elevations in Lower Saxony range from -2.5 m a.s.l. in East 
Frisia to 971 m a.s.l. in the Harz mountains (ML 2003). Lower Saxony͛s suƌfaĐe aƌea ŵeasuƌes 
47635 km² (ML 2014). 25 % of the area is covered by forests (12046 km²; ML 2014) and 61 % is used 
for agriculture (29249 km²; ML 2003).  The federal state is located in the northern temperate zone of 
Central Europe. The climate is atlantic in the western parts and sub-continental in the eastern parts, 
with a mean annual temperature of 8.6 °C, an average annual precipitation of 746 mm and on average 
1456 hours of sunshine per year (DWD 2018). The mean annual temperature is decreasing from the 
west to the east due to the decreasing maritime influence (DWD 2018). The studied forests are located 
in different regions of Lower Saxony and thus, stand on different soils. The Alluvial hardwood oak forest 
;Chapteƌ ϯͿ is loĐated iŶ the laŶdsĐape ƌegioŶ ͞BöƌdeŶ͟ ;Gaƌǀe ϮϬϬϰͿ. The topsoil ĐoŶsists of ϭ-2 m of 
loess from the Weichsel glacial period and is characterized by a nutrient-rich, sandy to clayey loam 
with a high water storage capacity (Strubelt & Zacharias 2015). The Thermophilous oak-hornbeam 
foƌests ;Chapteƌ ϰͿ aƌe also loĐated iŶ the ƌegioŶ ͞BöƌdeŶ͟ (Garve 2004). They stand on soil 
characterized by limestone rendzina with low water storage capacity. The Sub-atlantic oak-hornbeam 
foƌest ;Chapteƌ ϱͿ is loĐated iŶ the laŶdsĐape ƌegioŶ ͞Geest͟ ;Gaƌǀe ϮϬϬϰͿ. The soil is ĐhaƌaĐteƌized ďǇ 
sandy and clayey loam as well as loamy sand with different water storage capacities. The studied 
forests of the AĐidophilous oak foƌests ;Chapteƌ ϲͿ aƌe loĐated ǁidespƌead iŶ the ͞Geest͟ ƌegioŶ of 
Lower Saxony (Garve 2004) and stand on sandy soils without groundwater influence (Heinken 1995). 
The potential natural vegetation in Lower Saxony is in most parts beech forest (Kaiser & Zacharias 
2003). Following the map of Kaiser & Zacharias (2003) (mixed) oak forests naturally occur in alluvial 
areas which are influenced by rivers, on base-rich soils influenced by a high groundwater level and on 
nutrient-poor, sandy soils without groundwater influence (Kaiser & Zacharias 2003). But in the past 
years, studies showed that even on these potential oak sites, beech trees occur successfully (Heinken 
2019; Schmidt 2000; Strubelt & Zacharias 2015). 
 
 
 
 
 
 
Fig. 2-2. Maps of Europe (a) ), Germany (b) ) and Lower Saxony (c) ). Source URL: https://d-maps.com/index.php?lang=de 
accessed on 13 April 2019. 
a) b) c) 
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The different types of oak forests in NW Germany 
In northwestern Germany, four different types of forests with an essential amount of Quercus robur 
and/or Quercus petraea exist (Fig. 2-3.; e.g. Drachenfels 2016, ML & MU 2018). All of these types are 
listed on the European Union Habitats Directive Annex I list (http://ec.europa.eu/environment/ 
nature/legislation/habitatsdirective/ accessed 14. Apr 2019) because of their high conservation 
importance:  
 Type 91F0: Alluvial forests of Quercus robur, Ulmus laevis and Ulmus minor, Fraxinus excelsior or 
Fraxinus angustifolia, along large rivers (Ulmenion minoris; NLWKN 2009a) 
 Type 9170: Thermophilous oak-hornbeam forests, mostly in climatically favoured locations (Galio-
Carpinetum; NLWKN 2010a) 
 Type 9160: Sub-Atlantic and Central European oak-hornbeam forests on intermittently or 
continuously damp soils with a high groundwater level (Stellario-Carpinetum; NLWKN 2009b) 
 Type 9190: Acidophilous oak woods with Quercus robur on sandy plains (Betulo-Quercetum 
roboris; NLWKN 2010b) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
91F0               9170 
 
OAK FOREST TYPES 
IN 
NW GERMANY 
 
9160               9190 
Fig. 2-3. The four oak forest types in NW Germany. Definitions following the European Union Habitats Directive: 91F0: 
Alluvial forests of Quercus robur, Ulmus laevis and Ulmus minor, Fraxinus excelsior or Fraxinus angustifolia, along the great 
rivers (Ulmenion minoris); 9170: Thermophilous oak-hornbeam forests (Galio-Carpinetum); 9160: Sub-Atlantic and Central 
European oak-hornbeam forests on intermittently or continuously damp soils with a high groundwater level (Stellario-
Carpinetum); 9190: Acidophilous oak woods with Quercus robur on sandy plains (Betulo-Quercetum roboris). Pictures taken 
by Ilka Strubelt, except 9160 by Andrea Gerken. 
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91F0 – Alluvial hardwood oak forest (Fig. 2-4) 
Description and site condition 
Forests of hardwood trees situated in the floodplain of larger rivers, characterized by frequent flooding 
disturbances. These forests are azonal forest communities that are exposed to the changing conditions 
of the floodplain. They must not only withstand temporary flooding but also dry periods when the 
otherwise high groundwater level drops. These harsh conditions are contrasted with the good nutrient 
supply in the floodplain, which is higher than in any other natural site complex in the temperate zone 
(Becker & Lahmer 2004; Ellenberg & Leuschner 2010). Each flooding supplies the soil with additional 
nutrients and also leads to a high spatial heterogeneity (Becker & Lahmer 2004; Bravard 1986; 
Ellenberg & Leuschner 2010). Alluvial forests are thus among the most species-rich and productive 
forest ecosystems in the temperate zone and play an important role in the conservation of biodiversity 
(Brunotte et al. 2009; Ellenberg & Leuschner 2010; Mitsch 1991; Reichholf-Riehm 1993; Schnitzler 
1994).  
Typical plant species 
Dominant tree species include ash (Fraxinus excelsior), oak (Quercus robur) and elm (Ulmus laevis, 
Ulmus minor). The undergrowth is usually well-developed and the herb layer is species-rich (NLWKN 
2009a). Typical species in the shrub layer are Corylus avellana, Crataegus laevigata, Ribes rubrum and 
Cornus sanguinea. Typical species in the herb layer are Corydalis cava, Ranunculus ficaria, Stachys 
sylvatica and Aegopodium podagraria (NLWKN 2009a).  
Naturality 
Alluvial hardwood forests are the natural end-stage of succession in the floodplains (NLWKN 2009a).  
Protection status 
Alluvial hardwood forests are protected under the nature conservation law of Lower Saxony  
(§28a NNatG) and the Federal Republic of Germany (§30 BnatSchG, URL: 
https://www.bfn.de/themen/gebietsschutz-grossschutzgebiete/besonders-geschuetzte-biotoptypen-
nach-30-bnatschg.html, accessed on 14 April 2019). They have been placed on the European Union 
Habitats Directive Annex I list (http://ec.europa.eu/environment/nature/legislation/habitatsdirective/ 
accessed 14. Apr 2019) as a highest priority habitat.  
Conservation status 
Alluvial hardwood oak forests are highly endagered forest ecosystems in NW Germany (Drachenfels 
1996; Rennwald 2000). The area of Alluvial hardwood forests in Lower Saxony is estimated at 1030 ha 
(NLWKN 2009a). Human influence in the form of river deepening and regulation, lowering of the 
groundwater table and agricultural intensification has resulted in a strong decrease in natural 
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floodplain forests over the last centuries (Ellenberg & Leuschner 2010).  More than 90% of the 
floodplains in Germany can be classified as heavily modified (Brunotte et al 2009).  
Current threats 
The main threats to Alluvial hardwood oak forests are modifications of the water balance and the 
natural flooding regime (NLWKN 2009a). Other important threats are the removal of old and dead 
trees and intensive forest management (NLWKN 2009a).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-4. 91F0 Alluvial mixed oak forest in NW Germany: Haseder Holz. Picture taken by Ilka Strubelt. 
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9170 - Thermophilous oak-hornbeam-forests (Fig. 2-5) 
Description and site condition 
Galio-Carpinetum forests on intermittently dry soils in climatically favoured locations (URL: 
https://www.bfn.de/en/lrt/natura-2000-code-9170.html accessed on 14 Apr 2019). These forest type 
only occurs in the southern, more sub-continental region of Lower Saxony (NLWKN 2010a). 
Typical plant species 
Dominant tree species are oak (Quercus robur and Q. petraea), hornbeam (Carpinus betulus), ash 
(Fraxinus excelsior). Other important tree species are service berry (Sorbus torminalis) and field maple 
(Acer campestre). Typical species in the shrub layer are Corylus avellana, Crataegus spp. and Euonymus 
europaeus. Typical species in the herb layer are Viola mirabilis, Lilium martagon, Hordelymus 
europaeus and Lathyrus vernus (NLWKN 2010a; Zacharias 1996).  
Naturality 
In Lower Saxony these forests result from the historical management (coppicing, coppice-with-
standards) and therefore are secondary woodlands on potential beech forest sites (Hordelymo-
Fagetum and Carici-Fagetum; NLWKN 2010a; Zacharias 1996). As a result of the historical management 
pratices, these forests are generally rich in tree, shrub and herb layer species (Kirby et al. 2017; 
Zacharias 1996).  
Protection status 
Galio-Carpinetum forests have been placed on the European Union Habitats Directive Annex I list 
(http://ec.europa.eu/environment/nature/legislation/habitatsdirective/ accessed 14. Apr 2019) as a 
priority habitat.  
Conservation status 
Former coppiced Galio-Carpinetum forests are endagered ecosystems in NW Germany (Drachenfels 
1996; Rennwald 2000). The area of these forests in Lower Saxony is estimated at max. 2850 ha (NLWKN 
2010a). With the cessation of the coppicing and coppice-with-standards management from the 
beginning of the 20th century, these forests have been developing into beech high forests either due 
to natural succession or caused by forest management. 
Current threats 
The main threat to Thermophilous oak-hornbeam forests is the development to beech forests (natural 
succession or supported by forestry) (NLWKN 2010a). Another important threat is the removal of old 
and dead trees (NLWKN 2010a).  
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9160 – Sub-Atlantic oak-hornbeam forest (Fig. 2-6) 
Description and site condition 
Sub-Atlantic and Central European oak-hornbeam forests on intermittently or continuously damp soils 
with a high groundwater level (Stellario-Carpinetum; NLWKN 2009b). The herb layer is species rich on 
soils with a good base supply and relatively species poor on soils with less base supply (NWLKN 2009b).  
Typical plant species 
Dominant tree species are oak (Quercus robur), hornbeam (Carpinus betulus) and ash (Fraxinus 
excelsior). Other important tree species are beech (Fagus sylvatica) and sycamore and field maple 
(Acer pseudoplatanus and A. campestre). Typical species in the shrub layer are Corylus avellana, 
Crataegus spp. and Ilex aquifolium. Typical species in the herb layer include Anemone nemorosa, Carex 
sylvatica, Primula elatior, Circaea lutetiana and Ranunculus ficaria (NLWKN 2009b).  
Naturality 
Most of these forests are probably secondary forests on naturally beech forests sites resulting from 
former management (coppicing, coppice-with-standards; NLWKN 2009b).   
Fig. 2-5. 9170 Thermophilous oak-hornbeam forest under coppice-with-standards management in NW Germany. Picture 
taken by Dietmar Zacharias. 
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Protection status 
Stellario-Carpinetum forests have been placed on the European Union Habitats Directive Annex I list 
(http://ec.europa.eu/environment/nature/legislation/habitatsdirective/ accessed 17. Apr 2019) as a 
highest priority habitat.  
Conservation status 
Stellario-Carpinetum forests are endagered ecosystems in NW Germany (Drachenfels 1996; Rennwald 
2000). The area of these forests in Lower Saxony is estimated at 10000 ha (NLWKN 2009b). Without 
management, these forests are developing into beech forests. 
Current threats 
The main threat to Sub-Atlantic and Central-European oak-hornbeam forests is the lowering of the 
groundwater table, which supports the development to beech forests (NLWKN 2009b). Another 
important threat is the removal of old and dead trees (NLWKN 2009b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-6. 9160 Oak-hornbeam forest (Hasbruch) in NW Germany. Picture taken by Ilka Strubelt. 
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9190 – Acidophilous oak forests (Fig. 2-7) 
Description and site condition 
Betulo-Quercetum forests with Quercus robur and Q. petraea on sandy plains in the lowlands of 
northern Germany, mainly occurring on dry and poor sands (NLWKN 2010b). If beech has a remarkable 
part, they rather belong to the types 9110 or 9120 (Acidophilous beech forests with or without Ilex 
aquifolium). 
Typical plant species 
Dominant tree species are oak (Quercus robur and Q. petraea), silver birch (Betula pendula) and scots 
pine (Pinus sylvestris). Other important tree species are moor birch (Betula pubescens), beech (Fagus 
sylvatica) and rowan (Sorbus aucuparia). Typical species in the shrub layer are Frangula alnus and Ilex 
aquifolium. Typical species in the herb layer include Deschampsia flexuosa, Carex pilulifera, 
Melampyrum pratense and Vaccinium myrtillus (NLWKN 2010b)).  
Naturality 
Acidophilous oak forests result from the historical management (coppicing, coppice-with-standards) 
and therefore are secondary forests on potential beech forest sites (Heinken 1995; NLWKN 2010b; 
Zacharias 1996).  
Protection status 
Betulo-Quercetum forests have been placed on the European Union Habitats Directive Annex I list 
(http://ec.europa.eu/environment/nature/legislation/habitatsdirective/ accessed 17. Apr 2019) as a 
priority habitat.  
Conservation status 
Betulo-Quercetum forests are endagered ecosystems in NW Germany (Drachenfels 1996; Rennwald 
2000). The area of these forests in Lower Saxony is estimated at 4000 ha (NLWKN 2010b).  
Current threats 
The main threat to Acidophilous oak forests is the development to beech forests (Heinken 1995; 
NLWKN 2010b). Another important threat is the increasing eutrophication of the soils (Heinken 2019; 
NLWKN 2010b).  
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Fig. 2-7. 9190 Acidophilous oak forest in NW Germany. Picture taken by Ilka Strubelt. 
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Chapter 3 
 
Changes in species composition and richness in an alluvial 
hardwood forest over 52 years 
 
Strubelt, I., Diekmann, M. & Zacharias, D. 2017.  
Journal of Vegetation Science 28: 401-412  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-1. Herb layer in the Alluvial mixed oak forest Haseder Holz with Corydalis cava, Paris quadrifolia, Ranunculus ficaria 
and Anemone nemorosa. Picture taken by Ilka Strubelt. 
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Impressions of the study area Haseder Holz 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-2. Oxbow of the river Innerste that is located next to the Haseder Holz. Picture taken by Ilka Strubelt. 
Fig. 3-3. Flooded Haseder Holz in May 2013. Picture taken by Ilka Strubelt.  
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Fig. 3-4. Urtica dioica, Milium effusum, Corylus avellana and Ilka Strubelt in the Haseder Holz. Picture taken by Dietmar 
Zacharias.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 3-5. Corydalis cava, Anemone nemorosa and A. ranunculoides in the Haseder Holz. Picture taken by Ilka Strubelt. 
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Figs. 3-6 - 3-13. Plants in the Haseder Holz. 3-6. Paris quadrifolia; 3-7. Helleborus viridis; 3-8. Anemone ranunculoides; 
 3-9. Mercurialis perennis; 3-1. Listera ovata; 3-11. Polygonatum multiflorum; 3-12. A. nemorosa; 3-13. Arum maculatum. 
Pictures taken by Ilka Strubelt. 
3-6 3-7 
3-8 3-9 
3-11 
3-12 
3-10 
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Abstract  
Questions: 
(1) How has the species richness of an alluvial forest changed over the past 52 years? And what are the 
main drivers of the observed temporal changes?  
(2) Has the species composition changed over this period in response to changes in environmental 
variables? 
 (3) What are the main drivers of species richness (change) in this forest? 
Location: Haseder Holz in the Innerste floodplain in the lowlands of northern Germany 
Methods: In 2012 we re-surveyed the plant species composition of 19 permanent plots analysed for 
the first time in 1960 and for a second time in 2002.  At the most recent survey, several environmental 
variables (photosynthetically active radiation, soil water content, groundwater table, pH and the 
contents of soil P, Ca, Mg, K, C and N) were measured in five locations within each plot. Generalized 
linear models were used to examine the relationship between explanatory variables and species 
richness, while variation in species composition, in time and space, was assessed by DCA. 
Results: The number of species generally increased with decreasing soil nutrient (except Mg) content, 
with increasing variation in light availability and with increasing variation in K content. The significant 
increase in species richness from 1960 to 2012 was mainly attributed to the increase in true forest 
species, such as Paris quadrifolia and Mercurialis perennis, and woody species. The most pronounced 
increase in species richness was found in plots with lower soil phosphate contents. Species typical for 
open habitats showed the most pronounced decrease from 1960 to 2012. A significant 
homogenization of the plots over time was observed.  
Conclusions:  
(1) Against the common trend in European forests, we found a significant increase in mean species 
richness, especially in plots with relatively low nutrient contents.  
(2) While the total pool of species has not consistently increased, we found a strong increase in plot-
scale species richness of woody and herbaceous species. This overall increase and the slight decrease 
in the proportion of species typical of open habitats were probably driven by a decrease in light 
availability caused by less intensive management.  
(3) Our results demonstrate that fine-scale spatial environmental heterogeneity positively affects 
species richness. In contrast to recently reported findings, we found a decrease in the number of 
species with increasing nutrient contents. 
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Keywords  
Alluvial forest; Alno-Ulmion; Environmental heterogeneity; Floodplain; Haseder Holz; Homogenization; 
Long-term monitoring; Northwestern Germany; Permanent plots; Soil phosphate; Querco-Ulmetum 
minoris; Resurvey; Species richness. 
Nomenclature 
Garve (2004) for vascular plants.  
 
1. Introduction 
Alluvial forests are among the most species-rich and productive forest ecosystems in the temperate 
zone (Mitsch 1991, Schnitzler 1994). Natural floodplains provide a large number of habitats and thus 
play an essential role in the conservation of biodiversity (Ellenberg & Leuschner 2010). However, 
human influence in the form of river deepening and regulation, lowering of the ground water table 
and agricultural intensification has resulted in a strong reduction of in natural floodplain forest area 
over the last centuries (Ellenberg & Leuschner 2010). While less than 1% of the floodplains in Germany 
can be classified as only slightly modified, more than 90% are heavily impacted (Brunotte et al. 2009). 
Furthermore, our knowledge about the temporal dynamics of species composition and richness in such 
forests is scarce. 
Strong shifts in European forest vegetation have taken place over the last decades, indicating a general 
increase in shade-tolerant and nutrient-demanding species in temperate deciduous forests (Baeten et 
al. 2009, Verheyen et al. 2012, Verstraeten et al. 2013). For European alluvial hardwood forests, a 
significant decline of oaks in the tree layer was reported by Janik et al. (2011). Young oaks are more or 
less completely absent from spontaneously developing forests on alluvial soils (Kühne 2004), whereas 
regeneration of tree species that are commonly considered as flood-intolerant, such as Acer campestre 
and Carpinus betulus, is observed (Deiller et al. 2001). However, the extent to which the species 
composition and richness of herbaceous plants in alluvial hardwood forests undergoes changes 
remains unknown.  
Important environmental drivers in floodplain forests are the frequency, duration and horizontal 
extent of floodings (Trémolières et al. 1998, Deiller et al. 2001, Van Looy et al. 2003, Glaeser & Wulf 
2009). If the intensity of flooding is reduced, these forests typically show increase in plant species 
richness due to immigration of flood-intolerant species (Deiller et al. 2001).  
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It is widely assumed that environmental heterogeneity has a positive influence on species richness 
(Shmida & Wilson 1985, Lundholm 2009). The explanation given for this is that with greater within-
area variability of environmental conditions, species with a broader spectre of environmental 
requirements can coexist. So far, little research has explicitly addressed effects of fine-scale 
environmental heterogeneity (in terms of soil properties and light availability) on species richness in 
forests (Lundholm 2009, Stein & Kreft 2015). The few studies on this topic concentrate on certain 
species groups (Bell et al. 2000: forest sedges, Richard et al. 2000: fern species; Homeier et al. 2009: 
tree species) and only in one study, of maple-dominated forests in Québec (Canada) by Lenière & Houle 
(2006), was the total species richness addressed. Leniére & Houle (2006) found no relationship 
between within-site environmental heterogeneity (in terms of soil pH, organic matter, moisture, and 
light) and species richness. The impact of flooding in alluvial forests leads to a higher spatial 
heterogeneity compared to other forest types (Bravard 1986, Ellenberg & Leuschner 2010). This poses 
a challenge for addressing fine-scale environmental heterogeneity, which requires small plots and 
several, closely situated sampling points for environmental variables. 
We aim at answering the following research questions: (1) How has species richness in the alluvial 
forest changed over the past 52 years? And what are the main drivers of the observed temporal 
changes? (2) Has there be a change in species composition over this period in response to changes in 
environmental variables? (3) What are the main environmental drivers of plant species richness and 
compositional variation, and does environmental heterogeneity have a significant impact on plant 
species richness? 
We chose the Haseder Holz as our study area. This area is one of the most well-preserved alluvial 
hardwood forests in north-western Germany, with regular floodings and less influenced by human 
activities than other forests. A detailed vegetation study in this forest carried out in 1960 opens for 
investigating vegetation changes because the plots were permanently marked (Strubelt & Zacharias 
2015). To our knowledge, no other data set from floodplain forests in Central Europe allow 
investigation of vegetation dynamics over more than 50 years. 
 
2. Material and Methods 
2.1 Study area  
The Haseder Holz is a 24-ha large ancient alluvial hardwood forest, situated in the lowlands of northern 
GeƌŵaŶǇ ;ϱϮ° ϭϭ͛ ϭϰ͛͛N, ϵ° ϱϱ͛ ϭϭ͛͛E, ϳϬ ŵ a.s.l.Ϳ. The Đliŵate is suď-Atlantic to sub-continental, with a 
mean annual temperature of 9.6 °C and an average annual precipitation of 744 mm (www.dwd.de; 
accessed 28/09/2016). The forest is located in the Innerste floodplain and strongly influenced by the 
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water regime of the river. North of the forest, at the Hasede mill, the Innerste has been dammed for 
over 800 years, leading to regular floodings of the whole forest. The Haseder Holz has been protected 
as a nature reserve since 1974, and belongs to a larger Natura 2000 site. The Haseder Holz is divided 
into 80 parcels belonging to more than 50 land owners. In the time period covered by this study (from 
1960 till today), the area has been managed extensively and, apart from the removal of single trees, 
no logging has been performed (Table 3-1; Strubelt & Zacharias 2015). Until 1955 the forest was 
influenced by cutting of the undergrowth for reasons of firewood collection as well as for cattle grazing. 
As far as we know, this management regime dates back as far as historical information is available. The 
roe deer population in the forest has been stable over the study period.  The topsoil consists of 1–2 m 
of loess from the Weichsel glacial period and is characterized by a nutrient-rich, sandy to clayey loam 
(Strubelt & Zacharias 2015). The groundwater level nearly reaches the ground surface in spring and 
drops to ca 1 m below ground in summer. The forest can be assigned to the association Querco-
Ulmetum minoris Issler 1924. Dominating species in the tree layer are Fraxinus excelsior and Quercus 
robur. 
Table 3-1: Forestry, grazing and game occurrence in the Haseder Holz over the investigated period. 
 1960 2002 2012 Remarks Source 
Grazing by farm animals None None None Selective grazing by cattle 
before 1950 
B. Wiechens, 
pers. comm.  
ϮϬϭϲ, ͞loĐal 
huŶteƌ͟ 
Game: Capreolus capreoulus Ca. 10 Ca. 10 Ca. 10 A constant population of ca. 
10 roe deer has been 
observed in the forest and 
surrounding landscape 
B. Wiechens, 
pers. comm.  
ϮϬϭϲ, ͞loĐal 
huŶteƌ͟ 
Game: Sus scrofa None Passing 
through 
Passing 
through 
No large influence observed B. Wiechens, 
pers. comm.  
ϮϬϭϲ, ͞loĐal 
huŶteƌ͟ 
Tree stand structure Comparable with 
the situation in  
2012 
On average 
402 trees 
(DBH > 8 cm) 
/ ha 
 
Constant over the whole 
time period 
K. Elsner, pers. 
comm. 2016, 
͞loĐal foƌesteƌ͟; 
Strubelt & 
Zacharias 2015 
Forestry Whole time period:  
- No clear-cuttings 
- Removal of single trees  
  (less than 1 per ha and year) 
Until 1955 harvesting of the 
undergrowth for reasons of 
firewood collection, 
supposedly with some 
influence on the vegetation 
as recorded in 1960 
Strubelt & 
Zacharias 2015 
 
2.2 Sampling of vegetation and environmental variables  
A total of 19 sample plots of 20 × 20 m were established in the study area in 1960. These were analysed 
with respect to vascular plant species composition in late spring (the exact time depended on the 
season, assuring that both vernal and summer species were captured) in 1960, in 2002 and in 2012 
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(Strubelt & Zacharias 2015). At the initial investigation in 1960, detailed site descriptions were made, 
including sketch maps that show the position of plot corners. Detailed documentation of the field 
methods used in 1960 were made. These notes enabled us to re-locate the 19 plots within the alluvial 
forest with high precision. In the following we refer to the plots by their original numbers. In each 
sample plot the total cover of the tree, shrub and herb layers as well as the cover abundance of each 
species in each layer were recorded according to the Braun-Blanquet cover abundance scale (r = 1 
individual, + = 2–5 individuals, 1 = < 5% cover, 2 = 5-25% cover, 3 = 26-50% cover, 4 = 51-75% cover,   
5 = 76-100% cover)  (Braun-Blanquet 1964).  
Measurements of environmental variables were only carried out at the last sampling occasion. 
Photosynthetically active radiation (PAR) was determined at five locations in each plot (one at each 
corner and one in the center) with a LI-COR light meter (Model LI-250) and a LI-COR Quantum Sensor 
(LI-190). PAR was simultaneously recorded inside and outside the forest (15 s average) to calculate the 
mean and variation of relative light availability at each site. All measurements were carried out on a 
cloudy day in August 2013. Soil water content was measured in percent with a HH2 Moisture Meter 
and a Theta Probe (Model ML2x) at five locations per plot in August 2013. The groundwater table (GW) 
in each plot was measured by first drilling holes in the ground and, 24 hours later, by measuring the 
level with a folding ruler in cm below ground level in May 2012. 
In each plot, five samples from the upper soil below the litter layer were collected in August 2013. Each 
sample consisted of three cores taken with a 5 cm-high metal cylinder of 200 cm³. The soil samples 
were air dried, crushed and sieved (2 mm sieve). All samples were analysed for pH, plant available 
phosphorus (P), calcium (Ca), magnesium (Mg), potassium (K), carbon (C) and nitrogen (N). Soil pH was 
determined in a solution of 10 g of soil and 25 mL of 0.01M CaCl2 with a standard glass electrode. For 
the measurements of P, Ca, Mg and K, 5 g of soil were extracted with ammonium lactate. We used 
photometric determination by flow injection analysis (FIA Tecator 5012 analyzer, 5042 detector) for P 
and flame atomic absorption spectrophotometry (AAS Philips PU 9100) for Ca, Mg and K. Total C and 
N were determined with an elemental analyzer (HEKAtech Euro EA). 
2.3 Data analysis  
All statistical analyses were conducted with R version 3.2.3 (R Core Team 2015). The vegan package 
2.3.-5 (Oksanen et al. 2016) was used for all multivariate analyses and for the tests based on Jaccard 
matrices.  
Species richness  
For each plot, we calculated three species richness variables for the herb layer: the total number of 
species, the number of true forest species and the number of open-habitat species. The definitions of 
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terms for species groups follow the species list of forest vascular plants in Germany (Schmidt et al. 
ϮϬϭϭͿ, iŶ ǁhiĐh ͚tƌue foƌest speĐies͛ ;Đlass ϭ.ϭͿ aƌe defiŶed as speĐies ǁith theiƌ ŵaiŶ oĐĐuƌƌeŶĐe iŶ 
Đlosed foƌests, ǁhile the teƌŵ ͚opeŶ-haďitat speĐies͛ ;Đlass Ϯ.ϭͿ deŶotes speĐies oĐĐuƌƌiŶg ŵoƌe oƌ less 
eƋuallǇ fƌeƋueŶt iŶ foƌests aŶd opeŶ haďitats. SpeĐies of Đlasses ϭ.Ϯ ;͚ƌestƌiĐted to foƌest edges aŶd 
ĐleaƌiŶgs͛Ϳ, Ϯ.Ϯ ;͚ŵaiŶ oĐĐuƌƌeŶĐe iŶ opeŶ haďitats͛Ϳ aŶd O ;͚oĐĐuƌƌeŶĐe iŶ opeŶ haďitats͛Ϳ ǁeƌe ďaƌelǇ 
represented in our material and these categories were therefore not explicitly considered. Appendix 
A1 shows the number of species each group in each year.  
To examine the effects of explanatory variables on the variation in species richness in 2012, generalized 
linear models were made using the glm function with Poisson error distribution. A model check 
revealed no overdispersion. The means and, if available, the within-plot coefficients of variation (CV), 
of all measured variables were included as explanatory variables. However, to avoid multi-collinearity 
we calculated non-paƌaŵetƌiĐ KeŶdall͛s ƌaŶk ĐoƌƌelatioŶ ĐoeffiĐieŶts τ ďetǁeeŶ all ǀaƌiaďles aŶd a 
priori eǆĐluded ǀaƌiaďles ǁith τ > Ϭ.ϱ with other variables (Appendix A2). Variables Ca (correlated with 
pH, P, N, C), Ca-CV, Mg, K, K-CV, PAR, PAR-CV, GW and the C/N ratio were retained. Full models were 
reduced to minimum adequate models using stepwise backwards selection based on leave-one-out 
cross-validation (LOOCV) prediction errors (root mean squared errors, RMSE). The selection procedure 
ended in a complex model in which not all parameters had p values below 0.05. Using AIC for 
parameter selection resulted in a less complex model. However, due to the difference in prediction 
errors between the models, we accepted the more complex model. Using 10-fold cross-validation for 
justification of the LOOCV gave the same results. Single-variable effects on species richness were 
tested by constructing generalized linear models for single environmental variables using the glm 
function with Poisson error distribution.  
Time-series analyses  
Mean unweighted Ellenberg (Ellenberg et al. 1992) indicator values for light (L), temperature (T), 
continentality (K), soil moisture (F), reaction (pH, R) and nitrogen (N; also interpreted as general soil 
nutrients; Diekmann 2003) were calculated for each plot separately for the 1960, 2002 and 2012 
analyses, based exclusively on the composition of the herb layer. We also calculated the number of 
herb-layer species in each plot at each time-point. The Friedman rank-sum test (as implemented in the 
friedman.test function in R) was used for analysis of changes in species richness and mean Ellenberg 
indicator values over time. Linear models for single environmental variables were constructed to 
explain the change in species number from 1960 to 2012 using the lm function. 
Species compositional change in the period 1960–2012 was analysed by multiple parallel ordinations 
(MPO; van Son & Halvorsen 2014), using mean Braun-Blanquet cover-class values (expressed as 
percent) for all species as input. Parallel sets of DCA (Hill & Gauch 1980) and NMDS (Minchin 1987) 
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ordinations were obtained with different weighting functions [presence/absence, power-function 
weighting with R=32 and w= 0.832 and unweighted; see van Son & Halvorsen (2014)]. Woody species 
that occurred in two or three layers were included with their cover value for each of the layers. DCA 
ordinations were obtained by the decorana function in vegan using default options. Three-dimensional 
NMDS ordinations were performed by the metaMDS function with a matrix of Bray-Curtis dissimilarity 
index values with default options. Pairs of DCA and NMDS ordinations obtained for each weighting 
function were compared with Procrustes analysis using the procrustes function, and by calculation of 
non-paƌaŵetƌiĐ KeŶdall͛s ƌaŶk ĐoƌƌelatioŶ ĐoeffiĐieŶts τ ;cor.test function) in order to find the number 
of corroborated axes. After comparison of results for the different weighting functions, the DCA 
ordination analysis with raw data was chosen to be presented in this article. Full NMDS ordination 
results are found in Appendix A3, analyses for corroboration of axes are presented in Appendix A4. 
Plot displacements between the studied years (1960 to 2012) along DCA axes 1 and 2, calculated 
according to Økland & EileƌtseŶ ;ϭϵϵϲͿ, ǁeƌe used to test the hǇpothesis ͞ HϬ: Tƌue ŵeaŶ displaĐeŵeŶt 
is eƋual to Ϭ͟ agaiŶst the tǁo-tailed alternative hypothesis. The one-sample t-test (t.test function) was 
used. Environmental variables were fit post-hoc onto the 2012 plot positions in the ordination diagram. 
Environmental interpretation of the ordination diagram was accomplished by relating 2012 plot scores 
to measured environmental variables using linear models (lm fuŶĐtioŶͿ aŶd ďǇ ĐalĐulatiŶg KeŶdall͛s τ. 
Variables found significant in both analyses were considered as significantly related to the axis in 
question. Full results are presented in Appendix A5. 
Jaccard similarity coefficients between all pairs of plots were calculated for 1960, 2002 and 2012, 
resulting in one Jaccard matrix for each of the years. Differences between these matrices between the 
three surveyed years were analysed using the adonis function in vegan, which performs non-
parametric multivariate analysis of variance. Default options (1000 permutations) were used. To test 
for homogenization of group dispersions over time, we used functions betadisper and TukeyHSD with 
default options. 
3. Results 
3.1 Present vegetation  
The present vegetation in the Haseder Holz largely conforms to the Querco-Ulmetum minoris Issler 
1924, the central association of European hardwood floodplain forests. Fraxinus excelsior was the most 
frequent species in the tree layer, while Quercus robur, Carpinus betulus, Tilia cordata, Acer 
pseudoplatanus and Fagus sylvatica were common but clearly less frequent. Q. robur, although being 
prominent in the uppermost tree layer, was lacking in the lower canopy. Ulmus glabra was the only 
elm species currently present. The shrub layer often exceeded 30% cover and was characterized by 
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Ribes rubrum and R. uva-crispa, Corylus avellana, Lonicera xylosteum, Sambucus nigra, Crataegus 
laevigata and Euonymus europaeus. 
The spring aspect was characterised by a dense herb layer dominated by Corydalis cava, Ficaria verna, 
Pulmonaria obscura, Anemone nemorosa, A. ranunculoides and Primula elatior, while nitrophilous 
forest-edge species such as Aegopodium podagraria, Galium aparine and Urtica dioica played major 
roles in summer. Other abundant species include Mercurialis perennis and Paris quadrifolia. 
Four tree-layer dominance types could be distinguished: (1) Alnus glutinosa type dominated by 
Impatiens noli-tangere in the herb layer, situated close to the river and a flood channel (plot 19); (2) 
Fagus sylvatica type in the southern part of the study area (plots 6, 10 and 43); (3) planted Picea abies 
type with a typical floodplain forest understorey (plot 15); and (4) Fraxinus excelsior type (the other 14 
plots, Fig. 3-14). 
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Fig. 3-14. DCA. Detrended Correspondence Analysis of the species composition of 19 forest plots, analysed in 1960, 2002 
and 2012. Arrows connect time-points of analysis for each plot. Eigenvalues: axis 1 – 0.221, axis 2 – 0.136; gradient lengths: 
axis 1 – 2.388, axis 2 – 2.027. 
 
Species richness   
The mean number of herb species per plot was 34 (range: 23–46). Species richness was positively 
related to Mg, K-CV and light availability (PAR-CV), and negatively related to Ca, K, GW and PAR (Table 
3-2). The positive correlation between Ca and each of pH and the contents of P, N and C (see Appendix 
A2) suggested that the number of species generally decreased with increasing nutrient contents. 
Similar results were found for the number of open habitat-species, except for a positive relationship 
with calcium variability (Ca-CV), and for the number of true forest species, except for lack of a positive 
relationship with Mg and K and a positive relationship with the C/N ratio. Two and three variables that 
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express within-plot environmental variation were retained in the final models, all positively related to 
the respective richness variables. 
Table 3-2: Relationships between species richness variables and environmental variables as obtained by generalized linear 
regression modelling (Poisson errors) with backward selection of variables. Properties of the final models are shown. The sign 
of the Z statistic shows if the ƌelatioŶship ǁith the ƌespoŶse ǀaƌiaďle is Ŷegatiǀe oƌ positiǀe. MĐ FaddeŶ͛s R2 as well as the 
cross-validation prediction error (root mean squared error) for the total models are also shown. The environmental 
explanatory variables are: soil calcium (Ca), the coefficient of variation of calcium (Ca-CV; based upon five measurements in 
each plot), magnesium (Mg), potassium (K), the coefficient of variation of potassium (K-CV), C/N ratio (CN), groundwater 
table (GW), light availability (PAR) and the coefficient of variation of light availability (PAR-CV)).  
 Total species richness True forest species Open-habitat species 
 Z P Z P Z P 
Ca -2.886 0.004  -2.226  0.026 -1.577  0.115 
Ca-CV - - - - 0.366 0.715 
Mg 1.317  0.188  - - 0.774  0.438
7 K -2.741 0.006  -    - -1.450 0.147 K-CV 2.187 0.029 1.355    0.175 1.695  0.090 
C/N ratio - - 1.537    0.124 - - 
GW -3.674 0.000 -2.583    0.010 -2.206  0.027 
PAR -1.157 0.247  -1.584    0.113 -1.077  0.282 
PAR-CV 1.881 0.060   0.779    0.436  1.531  0.126 
MĐ FaddeŶ͛s R² 0.915 0.836 0.870 
CV RMSE 3.778 2.414 1.994 
 
3.2 Temporal dynamics from 1960 to 2012  
The tree layer has been dominated by Fraxinus excelsior and Quercus robur throughout the study 
period. These species occurred in 16–18 plots with mean cover values of 41 % in 1960, 46 % in 2002 
and 38 % in 2012, and 8–10 plots with mean cover values of 28 %, 23 % and 19 %, respectively.  Corylus 
avellana dominated in the shrub layer throughout (Appendix A6), while Ribes rubrum and R. uva-crispa 
increased from 1960 to 2012 and became shrub-layer co-dominants. In the herb layer, twelve species 
had high frequency (occurrence in at least 16 of the 19 plots) in all years, including Arum maculatum, 
Corydalis cava and Pulmonaria obscura (see also Strubelt & Zacharias 2015). Nine herb-layer species 
showed a pronounced decrease in frequency (by four plots or more) from 1960 to 2012 (Table 3-3). 
Most of these were open-habitat species (such as Lamium maculatum and Galeopsis tetrahit), while 
only three can be considered as true forest species (Circaea lutetiana, Primula elatior and Stachys 
sylvatica). The 25 species that increased in frequency were mostly true forest species (13, including 
Mercurialis perennis and Paris quadrifolia). Increase was also observed for 11 open-habitat species, of 
which 8 were woody species. In general, more than half of the taxa that increased in frequency were 
woody species (13, e.g. Acer pseudoplatanus and Ribes rubrum). 
 
 
Chapter 3 – Alluvial hardwood oak forest 
 
61 
 
Table 3-3: Herb-layer species with pronounced changes in frequency (increase or decrease in four or more plots from 1960 
to 2012). Species groups are: 1.1 main occurrence in closed forests; 1.2 restricted to forest edges and clearings; 2.1 occurring 
in both forests and open habitats; 2.2 main occurrence in open habitats. 
  1960 2002 2012 Species group 
Increasing     
Acer pseudoplatanus  1 12 19 2.1 
Ribes rubrum 0 9 13 1.1 
Gagea lutea  0 2 11 1.1 
Euonymus europaeus 1 11 12 2.1 
Fagus sylvatica  1 4 11 1.1 
Carex sylvatica  9 17 18 1.1 
Corylus avellana  1 5 10 2.1 
Rubus caesius  0 12 8 2.1 
Alopecurus pratensis  1 7 9 2.2 
Mercurialis perennis  2 9 9 1.1 
Ribes uva-crispa  1 3 8 2.1 
Hedera helix  0 4 7 1.1 
Paris quadrifolia  2 9 8 1.1 
Polygonatum multiflorum  4 10 10 1.1 
Acer campestre  0 4 6 2.1 
Sambucus nigra  2 5 8 2.1 
Brachypodium sylvaticum  4 6 9 1.1 
Carpinus betulus  0 4 5 1.1 
Prunus avium  0 2 5 2.1 
Poa trivialis  9 13 13 2.1 
Listera ovata  2 7 6 1.1 
Lonicera xylosteum  2 3 6 1.1 
Elymus caninus  5 11 9 1.1 
Ornithogalum umbellatum  1 3 5 - 
Impatiens glandulifera  0 1 4 2.2 
Decreasing     
Galeopsis tetrahit 7 2 0 2.1 
Deschampsia cespitosa 11 10 5 2.1 
Primula elatior 12 6 6 1.1 
Lamium maculatum 12 15 7 2.1 
Circaea lutetiana 8 11 3 1.1 
Stachys sylvatica 17 15 13 1.1 
Ajuga reptans 5 5 1 2.1 
Lysimachia nummularia 4 0 0 2.1 
Geranium robertianum 6 8 2 2.1 
 
 
Mean Ellenberg indicator values for light and moisture decreased significantly from 1960 to 2012 
(Table 3-4) while means for the other Ellenberg values remained constant over time. While the 
cumulative number of species in all plots did not consistently change, the mean number of species per 
plot increased significantly from 26 in 1960 to 34 in 2012, mainly due to an increase in the number of 
true forest species from 12 to 18. A weak, but significant increase from 1960 to 2012 in the mean 
number of open-habitat species from 12 to 14 was also observed. The general trend was that the 
proportion of forest specialists increased at the expense of open-habitat species.  
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Table 3-4: Changes in mean Ellenberg indicator values and species richness variables from 1960 via 2002 to 2012. χ² and p 
values (based upon the Friedman rank-sum test) are given. The arrows indicate significantly positive (↑) or negative (↓) 
trends. 
 1960 2002 2012 Trend Chi² P 
Ellenberg L 4.77 4.64 4.51 ↓ 14.000 <0.001 
Ellenberg T 5.55 5.51 5.52  2.548 0.280 
Ellenberg K 3.49 3.49 3.50  0.085 0.959 
Ellenberg F 5.83 5.81 5.72 ↓ 7.099 0.029 
Ellenberg R 6.86 6.90 6.94  2.427 0.297 
Ellenberg N 6.89 6.81 6.86  2.747 0.253 
Total species richness 26.05 35.26 34.47 ↑ 15.919 <0.001 
Cumulative no. of species 96 110 85    
No. of forest specialists 12.21 17.53 17.74 ↑ 27.111 <0.001 
% of forest specialists 46.95 50.48 51.77 ↑ 7.378 0.025 
No. of open-habitat species 12.05 15.74 14.47 ↑ 7.971 0.019 
% of open-habitat species 46.23 44.33 42.00 ↓ 6.421 0.040 
 
Both the number of species observed in 2012 and the change (i.e., the increase) in the number of 
species over the last 52 years were negatively related to soil phosphate content (Fig. 3-15), which in 
turn was positively related to the mean Ellenberg indicator values for nutrients (R² = 0.44, p = 0.001). 
No other environmental variables were significantly related to the change in the number of species in 
single-variable models. Soil Ca and pH were negatively and Mg positively related to the number of 
species in single-variable models (Appendix A7). 
 
Fig. 3-15. Relationships between soil phosphate; and (a) the number of species in 2012, and (b) the change in number of 
species from 1960 to 2012 (positive values indicate increase in species richness). 
 
 
Chapter 3 – Alluvial hardwood oak forest 
 
63 
 
Three main gradients in species composition were found by multiple parallel ordination (Appendix A4). 
Along the two most important of these (DCA axes 1 and 2), significant shifts in species composition 
towards higher DCA-1 and lower DCA-2 scores over the study period, were observed (axis 1: t = 4.2505; 
p = 0.0005; axis 2: t = –3.1514; p = 0.0055; Fig. 3-14). DCA-axis 1 (2012 plot scores) was correlated with 
light availability and the C/N ratio, while DCA-axis 2 was correlated with groundwater table (Appendix 
A5). The four tree dominance types separated in the DCA ordination diagram as follows: The Fagus-
dominated plots were located in the right part of the diagram, the plot close to the river dominated by 
Alnus glutinosa was located in the upper part, the Picea plot in the lower part and the big group of 
Fraxinus plots was located in the left part. The species ordination (see Appendix A8) affiliates typical 
species of alluvial forests (such as Paris quadrifolia and Stachys sylvatica) with Fraxinus-dominated 
plots near the left-hand end of DCA-axis 1. Species like Iris pseudacorus and Phalaris arundinacea that 
prefer moist soil were located in the upper part of the diagram. A homogenization of the species 
composition of the plots was apparent in the DCA diagram, as evident from the reduced mean 
distances between plots and the group median over time (difference = Ϭ.ϬϳϬϭ, p = Ϭ.Ϭϭϱϭ, TukeǇ͛s 
multiple comparisons of means). Also the mean Jaccard coefficient of plot-wise floristic similarity 
increased from 0.41 in 1960 via 0.43 in 2012 to 0.46 in 2012. Differences in the Jaccard coefficient 
matrices between the three surveyed years were significant (permutation test: pseudo-F = 2.936, p = 
0.001), substantiating that the similarity between plots increased over the study period.  
4. Discussion 
4.1 Species richness  
Our results show that the most important variables explaining species richness are soil nutrient 
contents, depth to the ground water table, light availability and, noteworthy, the within-plot variation 
of potassium and light availability. The higher the soil nutrient contents (except magnesium), the lower 
is the species richness.  
On a local scale, the productivity of most ecosystems is limited by availability of soil nitrogen and 
phosphate (Campbell & Reece 2009). We did not measure the productivity directly, but we have 
reasons to assume that the productivity of the Haseder Holz is closely related to the nutrient content 
of the soil, which is high because of the combined effects of regular nutrient input by periodical 
flooding and high mineralization rates. 
The relationship between species richness and productivity in the temperate zone vegetation is usually 
described by a unimodal model with high species richness at intermediate productivity (Grime 1973, 
Al-Mufti et al. 1977). Competition (Grime 1973), lower fine-scale variability of limiting resources 
(Huston 1979, Tilman & Pacala 1993), lower species pool, i.e., lower number of species adapted to 
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highly productive habitats (Zobel 1997, Pärtel & Zobel 2007), and combinations of these and other 
factors (Zobel & Pärtel 2008) are considered as production-limiting factors in highly productive 
habitats. In other ecosystems, productivity is typically restricted by environmental harshness such as 
resource shortage stress or disturbances (Grime 1973, Halvorsen 2012).  Based upon observations of 
a monotonously increasing relationship between species richness and productivity, Axmanová et al. 
(2012), however, suggest that this unimodal productivity-richness relationship may not apply to the 
herb layer vegetation in deciduous forests. They hypothesise that this is due to limited light availability 
of the understory of such forests, which restricts the range of herb-layer productivity (and reduces 
competition between herb species). The decrease of species richness with increasing soil nutrient 
contents in our study suggests that field-layer productivity is higher in the forest studied by us than in 
those studied by Axmanová et al. (2012). A plausible explanation for this is that the understorey of the 
Haseder Holz forest has a relatively open canopy due to disturbance of the tree layer through flooding, 
or that the dominating tree species produce less shade than other deciduous trees.  
Besides soil calcium content and pH, soil phosphate content is related to species richness in single-
variable linear regressions. Other studies also find a negative relationship between high phosphate 
concentrations and species richness (Honnay et al. 1999, Dumortier et al. 2002). Phosphorus supply 
influences nitrogen-use efficiency by plants, and vice versa (Güsewell 2004). On nitrogen-rich soils P 
has a negative effect on species richness by stimulating the growth of more competitive, fast-
colonizing species while true forest species are negatively affected. Pigott (1971) demonstrated faster 
growth of Urtica dioica in response to increased P availability, whereas Mercurialis perennis, 
Brachypodium sylvaticum and Deschampsia cespitosa failed to show a significant response to higher P 
concentrations. This relationship does, however, only hold true as long as nitrogen does not limit 
production. When nitrogen availability is low, species richness may increase with increasing P supply 
(Hofmeister et al. 2009). Excessive supplies of N in our study area accords with the observed negative 
relationship between soil P concentrations and species richness in 2012, and the lower increase in 
species richness over the past 52 years in plots with higher P concentrations in 2012.   
Our results show that fine-scale (within-plot) heterogeneity of light availability and soil potassium 
content is significantly positively related to species richness. This accords with the general assumption 
that environmental heterogeneity has a positive influence on species richness, because more 
heterogeneity means more niches allowing more species to coexist (Shmida & Wilson 1985), shown in 
several studies in other ecosystems (Dumortier et al. 2002, Schuster & Diekmann 2005, Lundholm 
2009). Alluvial forests are characterized by frequent flooding disturbances, which create variability of 
habitat conditions at fine scales and give rise to a high number of niches for forest-inhabiting species 
(Ellenberg & Leuschner 2010). 
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4.2 Temporal dynamics from 1960-2012  
The herb-layer species that increase from 1960 to 2012 are mostly woody species and herbaceous true 
forest species while species that decrease most strongly, with three exceptions, are open-habitat 
species. This pattern, together with the significant decrease of mean Ellenberg L values, suggest that 
the understorey of the Haseder Holz has become darker over these past 52 years. Reduced light to the 
understorey is a common trend in European forests (Baeten et al. 2009, Verheyen et al. 2012, 
Verstraeten et al. 2013), resulting from a change of management system from coppice or coppice-
with-standards management to a tall-growth forest system. The Haseder Holz was subject to such a 
change in management practice just before the initial investigation in 1960. Until 1955 woody species 
of the understorey were harvested. This management practice certainly had strong influence on the 
species composition in 1960, which was characterised by a relatively low number of woody species in 
the understorey and relatively high number of species that respond positively to disturbances. 
Cessation of pre-1955 management and the almost complete absence of logging thereafter explains 
the observed patterns of compositional change. The alternative explanation, that the increase in 
woody species is caused by a decrease in browsing by game, is refuted by stable roe deer (Capreolus 
capreoulus) populations over the past decades (Table 3-1). Apart from mean Ellenberg L, mean 
Ellenberg F values are the only indicator values that change significantly. The decrease in mean 
Ellenberg F values indicate a decrease in the relative abundance of moisture-preferring species (such 
as Iris pseudacorus and Phalaris arundinacea), which may in turn indicate that the forest has become 
drier over the past decades. Whereas the frequency of flooding has increased rather than decreased 
over the last 15 years and no lowering of the water table of the Innerste has taken place recently (M. 
Stübe, pers. comm. ϮϬϭϰ, ͞Ŷatuƌe ĐoŶseƌǀatioŶ authoƌitǇ͟Ϳ, the ditĐhes that dƌaiŶ the suƌƌouŶdiŶg 
agricultural land have most likely been deepened over the past decades, suggesting that the average 
water level has decreased. 
Mean Ellenberg N values do not change significantly over time, in contrast to findings in several other 
studies of forests in Europe (Verheyen et al. 2012, Verstraeten et al. 2013). This observed change in 
forest species composition towards more N-demanding species has been attributed to increased 
deposition of airborne N (Verheyen et al. 2012). Several explanations may apply to our deviant results. 
Firstly, effects of increasing N deposition may be obscured by decreasing canopy openness. Nutrient-
demanding and highly competitive species are often also relatively light-demanding (Ellenberg et al. 
1992). Thus, increasing canopy closure may prevent increase of these species. Furthermore, increased 
N deposition is likely to have negligible effect on plant species composition in areas like the Haseder 
Holz, where N availability is already very high. Similarly, mean Ellenberg indicator values for soil 
reaction (pH) also did not change over the study period; soil pH was also high (ranging from 6.1 to 7.1). 
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High buffering capacity (also see Dumortier et al. 2002) prevents the soils from acidification (Thimonier 
et al. 1994, Hédl et al. 2011).  
Contrary to common trends in European forests (Hédl et al. 2010, Verstraeten et al. 2013) we find an 
increase in mean species richness per plot, mainly due to an increase in true forest species and woody 
species. The few species that decrease over the 52-year study period are relatively light-demanding 
species known to respond positively to disturbance. Most likely, this pattern is a result of the change 
in the management system just before the initial investigation took place, which triggered tree growth, 
reduced light to the understorey and, eventually, decrease in the proportion of open-habitat species. 
The observed pattern of compositional change thus represents succession after change of 
management practices.  
The DCA ordination shows a differentiation of the studied plots along axis 1 into groups characterised 
by dominance of different tree species (mainly Fraxinus excelsior with low scores and Fagus sylvatica 
with high scores). This pattern reflects a spatial gradient in the study area and not a temporal one. 
Plots dominated by F. excelsior often contain typical species of hardwood forests like Paris quadrifolia 
and Listera ovata while in contrast, these species are absent in from two plots with high abundance of 
F. sylvatica. Interpretation of the ordination diagram revealed two main environmental variables that 
are correlated with the main gradient in species composition (DCA-axis 1): the C/N ratio (related to 
mineralization) and light availability. Low-score plots dominated by F. excelsior have better water 
supply and a higher nutrient mineralization while high-score plots are drier, with lower mineralization 
rate. Similarly, Vesterdal et al. (2008) report lower C/N ratios and higher N contents under F. excelsior 
than under F. sylvatica. Concentrations of N in the mineral soil and in the litter of individual tree species 
are typically strongly correlated, and the leaves of F. excelsior have higher nutrient concentrations and 
a lower C/N ratio than F. sylvatica leaves (Vesterdal et al. 2008, Ellenberg & Leuschner 2010). Light 
availability is also higher in Fagus-dominated plots because of canopy gaps. F. sylvatica is sensitive to 
a high ground water table and therefore develops a shallow root system (Ellenberg & Leuschner 2010) 
in alluvial forests. 
The second gradient in species composition (DCA-axis 2) was related to the depth to the groundwater 
table, decreasing towards higher scores. The significant plot displacements along axes 1 and 2 
therefore accords with the known environmental changes that have taken place in the study area; 
towards a more closed understory with drier soils.  
The studied plots have become more similar to each other over the study period, as reflected in the 
increase in the mean Jaccard similarities, at the same time as the mean number of species per plot has 
increased. Homogenization of ecosystems is recognised as a general trend in Europe (Naaf & Wulf 
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2010). While some other studies have emphasized alien species invasion as a possible cause of 
homogenization (McKinney 2004, Schwartz et al. 2006), Naaf & Wulf (2010) show that also native 
invaders can be drivers of such a change. In our study area, strong increase has not been recorded for 
any invasive plant species over the past 52 years, suggesting that the observed homogenization is the 
result of expansion of species that were common already in 1960 (notably, trees) and loss of open-
habitat species and species with preference for disturbed sites. This accords with the expected 
outcome of the change in the management system that took place more than 60 years ago. The 
presently high species richness of the studied alluvial forest indicates that a high number of species 
can coexist in such sites, most likely because of high fine-scale environmental heterogeneity (Ellenberg 
& Leuschner 2010). 
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Appendices  
Appendix A1. Number of herb layer species in each forest affinity group (1.1, 1.2, 2.1, 2.2, O). Numbers 
are given for 1960, 2002 and 2012. 
Appendix A2. Non-paƌaŵetƌiĐ KeŶdall͛s ƌaŶk ĐoƌƌelatioŶ ĐoeffiĐieŶts τ coefficients of environmental 
variables (means and their CV) used in the generalized linear models. 
Appendix A3. Ordination diagram of a non-metric multidimensional scaling (NMDS) based on Bray-
Curtis coefficients of the 19 forest plots surveyed in 1960, 2002 and 2012. Same plots in different years 
are connected with an arrow. 
Appendix A4. Comparison of DCA and NMDS ordination results. Procrustes correlation coefficients and 
KeŶdall͛s Tau ĐoƌƌelatioŶ coefficients of the three first axes of the DCA and NMDS ordination analyses.  
Appendix A5. Relationships between the plot scores on DCA Axis 1 (a) and DCA Axis 2 (b) and the 
measured environmental variables. 
Appendix A6. Tree, shrub and herb layer species with the number of plots in which the species 
occurred in 1960, 2002 and 2012. 
Appendix A7. Relationship between species richness variables and single environmental variables as 
obtained by single generalized linear regression modelling (species richness) and single linear 
modelling (change in species richness). 
Appendix A8.  Species ordination diagram of a Detrended Correspondence Analysis of the 19 surveyed 
plots in 1960, 2002 and 2012. 
Appendix A9. Species abbreviations used in the species diagram of the DCA (Appendix A8). 
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Chapter 4 
 
Inter-annual variation in species composition and 
richness after coppicing in a restored  
coppice-with-standards forest 
Strubelt, I., Diekmann, M., Griese, D. & Zacharias, D. 2019.  
Forest Ecology and Management 432: 132–139. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-1. Harvested Carpinus betulus wood in the Liebenburg coppice-with-standards forest in Salzgitter Höhenzug. Picture 
taken by Ilka Strubelt 
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Impressions of the study area coppice-with-standards project Liebenburg 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-2. Oaks as standards in the Liebenburg coppice-with-standards forest in Salzgitter Höhenzug. Picture taken by Ilka 
Strubelt. 
Fig. 4-3. Recently coppiced area in the Liebenburg coppice-with-standards forest in Salzgitter Höhenzug. Picture taken by 
Ilka Strubelt. 
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1 YAC 2 YAC 
3 YAC 3 YAC 
12 YAC 18 YAC 
20 YAC 26 YAC 
Figs. 4-4 – 4-11. Permanent plots in the Liebenburg coppice-with-standards forest in different states in terms of years after 
coppicing (YAC): 4-4. 1 YAC; 4-5. 2 YAC; 4-6. 3 YAC; 4-7. 3 YAC; 4-8. 12 YAC; 4-9. 18 YAC; 4-10. 20 YAC; 4-11. 26 YAC. Pictures 
taken by Ilka Strubelt. 
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Figs. 4-12 – 4-22. Plants in the Liebenburg coppice-with-standards forest. 4-12. Lilium martagon; 4-13. Primula veris;  
4-14. Hepatica nobilis; 4-15. Ilka Strubelt with Arctium nemorosum; 4-16. Vicia sylvatica; 4-17. Orchis mascula; 4-18. Veronia 
chamaedrys; 4-19. Asarum europaeum; 4-20. Euphorbia cyparissias, Pulmonaria obscura, Aegopodium podagraria among 
others; 4-21. Aconitum vulparia; 4-22. Lathyrus vernus. Pictures taken by Ilka Strubelt, except 4-15. taken by Dietmar 
Zacharias. 
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Abstract  
Aims: Coppice-with-standards (CWS) management was one of the most important disturbances in 
Central European forests in the past. As our knowledge about the effects of coppicing on species 
richness and composition needs to be enhanced, we carried out vegetation studies in the currently 
largest CWS project in Germany. In this article we focus on two issues: 1. Coppicing induced changes 
and trends in species richness and composition from year to year and 2. Development of species 
richness and composition in 19 years of CWS restoration.  
Location: Salzgitter Höhenzug mountains between Liebenburg and Goslar, Lower Saxony, Germany. 
Climate: subatlantic to subcontinental; soil: Limestone rendzina with low water storage capacity.  
Methods: In 2013 we resurveyed the plant species composition of 12 permanent plots analysed every 
year from 1994 till 2002. The dates of coppicing were recorded for all of these plots, which enabled us 
to analyse the dynamics of species richness and composition after coppicing on a year to year basis. 
Differences in species richness and composition were analysed using ANOVA, H-test, DCA and GLMM. 
Results: In 19 years of CWS restoration mean plot species richness increased significantly, mainly 
attributed to the increase in woody species, such as Quercus robur and Sorbus torminalis. The Ellenberg 
indicator value for nutrients decreased significantly, whereas the indicator value for light increased 
significantly. The typical dynamic after coppicing consists of a continuous increase in shrub layer 
coverage and an increase in herb layer coverage with a maximum in years 3 and 4 after coppicing. Total 
species richness as well as richness of open habitat and forest species and true forest species also 
showed an increase with its maximum in years 3 and 4 after coppicing.  
Conclusions: Our results showed that the alternation of light and shaded phases had a positive impact 
on species richness, particularly on tree regeneration. Considering the trend of decreasing species 
richness level in Central European forests, CWS forests play a major role in the conservation of vascular 
plant species diversity. In contrast to other studies, the increase in species richness after coppicing did 
not result from an increase in weedy, nitrogen-deŵaŶdiŶg speĐies. The so Đalled ͞ ŶitƌogeŶ tiŵe ďoŵď͟ 
scenario (which other authors assumed to be happening after opening the canopy) did not occur in 
the studied area. The low water storage capacity of the limestone rendzina soil may be one reason, as 
there was not sufficient water and nitrogen for the more demanding species.  
Keywords  
Coppice-with-standards; Coppicing, Galio-Carpinetum; Oak forest; Quercus robur; Species richness 
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Abbreviations 
CWS = coppice-with-standards 
OHFS = open habitat and forest species; class 2.1 (Schmidt et al. 2011): species occurring more or less 
equally often in forests and open habitats 
TFS = true forest species; class 1.1 (Schmidt et al. 2011): species with their main occurrence in closed 
forests 
EIV = Ellenberg indicator value 
EIV F = Ellenberg indicator value for soil moisture 
EIV L = Ellenberg indicator value for light 
EIV N = Ellenberg indicator value for soil nutrients 
EIV R = Ellenberg indicator value for soil reaction 
YAC = year after coppicing 
Nomenclature 
Garve (2004) for vascular plants 
Highlights 
 We carried out vegetation studies in the currently largest CWS project in Germany 
 We analysed coppicing induced changes in vascular plant species richness 
 CWS restoration led to an increase in species richness, particularly tree regeneration 
 ͞NitƌogeŶ tiŵe ďoŵď͟ sĐeŶaƌio afteƌ ĐaŶopǇ opeŶiŶg did Ŷot happeŶ iŶ ouƌ studǇ aƌea 
 True forest species are not negatively affected by coppicing 
1. Introduction 
Almost all European forests have been altered by management and are still being managed, therefore 
it is important for forest biodiversity conservation to understand the effects of these human-induced 
disturbances on biodiversity (e.g. Boch et al. 2013, Kaufmann et al. 2017, Paillet et al. 2010, Reier et 
al. 2005). Among the most important disturbances in Central European deciduous forests in the past 
were coppicing and coppice-with-standards (CWS) management, as these were the most widespread 
practiced forest management types from ca. the 13th century to the beginning of the 20th century 
(Ellenberg & Leuschner 2010, Härdtle et al. 2004). The CWS management system consists of 
disturbances occurring on a regular basis and is therefore a good model for studying the effects of 
human-induced disturbances. The typical CWS forest consists of two important layers: The underwood 
(coppice layer) consisting of shrubs, young trees and stump regrowth used as firewood and the 
standards (solitary trees) used for feeding animals (acorns) and as timber (Ellenberg & Leuschner 2010, 
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Peterken 1993). Coppicing is a rotation system based on harvesting the underwood in a particular area 
in one year, moving to the next area in the following year and coming back to the initial area after a 
certain time period of 7 (Szabó et al. 2015) to 40 years (Szabó 2010). The standards are usually kept 
for longer rotation periods (Ellenberg & Leuschner 2010). This regular human impact causes 
disturbances whose effects in terms of light can be compared with those of old fallen trees in virgin 
forests (Scherzinger 1996). The alternation of light and shaded phases in the CWS forests provides a 
mosaic of different habitats, which is an important factor for biodiversity (Ellenberg & Leuschner 2010; 
Lundholm 2009; Shmida & Wilson 1985; Strubelt et al. 2017). CWS forests are comparatively species-
rich systems (Ellenberg & Leuschner 2010; Kirby et al. 2017), where light-demanding and shade-
tolerant plant species can co-exist (Hédl et al. 2017a; Vild et al. 2013). Usually oaks (Quercus robur and 
Q. petraea) and hornbeams (Carpinus betulus) were used for this management system, as oak trees 
were important for feeding livestock (acorns) and for timber harvesting and hornbeam trees show a 
better ability to regrow from stumps than beeches (Fagus sylvatica; which represent the potential 
natural vegetation in most of the Central European forests) (Ellenberg & Leuschner 2010). From the 
beginning of the 20th century the forest management system changed from CWS to high forest 
management (Härdtle et al. 2004), which resulted in a strong decrease in plant species diversity 
(Becker et al. 2017; Hédl et al. 2010; Kopecký et al. 2013; Müllerová et al. 2015) and changes in species 
composition, with an increased proportion of true forest species (Becker et al. 2017) and a decline or 
even disappearance of light-demanding species (Hédl et al. 2010; Kopecký et al. 2013). Vild et al. (2013) 
showed that the restoration of the CWS management may reverse these processes and contribute to 
the survival of light-demanding species. However, to our knowledge, no research has so far explicitly 
addressed the effects of the event of coppicing on plant species richness and composition by analysing 
the year to year changes after coppicing in a restored CWS forest. As our knowledge about these 
processes, especially about the development of species richness and composition under the CWS 
management, needs to be enhanced (Hédl et al. 2017a), we carried out vegetation studies in the 
currently largest CWS project in Germany, a 171-ha large forest in the Forestry District Liebenburg in 
the northern part of the country. This forest had been managed as CWS over centuries up to ca. 1950 
and has again been coppiced in a traditional way since 1986 (Geb et al. 2004, Meyer 2010). We carried 
out detailed vegetation studies (focusing on vascular plant species) on permanent plots in this area 
every year from 1994 to 2002 and again in 2013. The dates of coppicing were recorded for all of these 
plots, which enabled us to analyse the dynamics of plant species richness and composition after 
coppicing on a year to year basis. To our knowledge, no other data set from CWS forests allows such 
analyses. In this article we focus on two issues: 1. Coppicing induced changes and trends in species 
richness and species composition from year to year and 2. Development of species richness and species 
composition in 19 years of CWS restoration. We specifically aim to answer the following questions: (1) 
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How do species richness and composition change in the years after coppicing? (2) What are the 
dynamics of open habitat and forest species (OHFS) and true forest species (TFS) under CWS 
management? (3) How does the restoration of CWS management affect species richness as well as the 
EIV for F, L, N and R? (4) Which species show an increase or a decrease in 19 years of CWS restoration?   
2. Materials and methods 
2.1. Study area and forest management history 
The studied area is situated within the 171-ha large CWS forest project Liebenburg, part of the 
Salzgitter Höhenzug mountains between Liebenburg and Goslar in North Germany (N-S 51°58'46.1" - 
51°58'04.2"N and W-E 10°25'08.5" - 10°25'39.0"E, 220-290 m asl). The climate is subatlantic to 
subcontinental, with a mean annual temperature of 9.1 °C and a mean average annual precipitation of 
712 mm (means for the years 1980-2010 in Liebenburg; www.dwd.de; accessed 18 Oct 2017).  The soil 
is characterized by limestone rendzina with low water storage capacity. The site conditions as well as 
the vegetation type and structure are relatively homogeneous in this area. The mean pH(CaCl2)-value 
of the investigated plots is 5.5 (range: 4.6 – 6.2) (see also Appendix B1). The mean contents of some of 
the main soil nutrients per 100 g soil are: 1.3 (range 0.2 – 3.2) mg plant available phosphorus, 41.8 
(range 28.5 – 61.1) mg magnesium, 957.3 (range 661.7 – 1207.3) mg calcium and 30.3 (range 21.6 – 
39.6) mg potassium. The mean soil C/N ratio is 16.4 (range 14.1 – 20.1). All these variables were 
measured in soil taken from the upper mineral horizon. The potential natural vegetation for this area 
of ancient woodland has been assessed as Hordelymo-Fagetum and Carici-Fagetum (Zacharias 1996). 
However, due to the historical management the community type of this area conforms to the Galio-
Carpinetum (Härdtle et al. 2004). 
The area had been managed as CWS forest over centuries up to ca. 1950, and the former management 
has been installed again in 1986. Up to the 1970s the investigated area was in possession of the Forest 
Cooperatives Heißum and Dörnten and was then sold to the federal state of Lower Saxony (state-
owned forest). Before that a logging of especially old oaks had taken place. Since the restoration of the 
CWS management in 1986, the forest has been managed as follows: First, the dense forest stands were 
thinned (i.e. all trees except the selected standards were cut), while the standard trees (mainly Quercus 
robur but also Q. petraea, Acer pseudoplatanus, A. campestre, Fraxinus excelsior, Sorbus torminalis, 
Prunus avium) with a diameter at breast height (DBH) > 30 cm (except for trees of Quercus robur and 
Q. petraea, which were left in the stand also when being smaller) were kept. If the mentioned species 
were lacking, Fagus sylvatica and/or Carpinus betulus were kept instead. The 171 ha restoration 
project is divided into four subareas. Each of these is managed with the usual 20y rotation coppicing 
of the underwood, so that every subarea consists of 20 stands (with few exceptions). Every year one 
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of the stands in each subarea is coppiced (in total 8-9 ha per year). The target stocking level for the 
CWS management is 0.3 - 0.4. As there are very few old standard trees, these have not been logged 
since the restoration in 1986 (H. Fischer, pers. comm. ϮϬϭϴ, ͚loĐal foƌesteƌ͛Ϳ. 
2.2. Sampling of vegetation and environmental variables 
Totally 12 plots of 20 m x 20 m were analysed with respect to their vascular plant species composition 
on ten occasions (between 17th May and 29th June; the exact time depended on the season, assuring 
that both vernal and summer species were captured) from 1994 to 2002 yearly and again in 2013, 
except for one plot (no 87/1; Table 4-1) that was not sampled in 1994. At the initial investigation in 
1994 (1995 for plot 87/1), the plots were permanently marked with magnets and marking pillars in 
each corner. Furthermore, detailed site descriptions, including sketch maps showing the plot corners 
and a detailed documentation of the field methods, were made. The plots were placed in two of the 
four different subareas and in ten different stands to assure that they are 1) representative for the 
vegetation type and structure in the whole area, 2) not adjacent to forest edges or paths (no edge 
effects) and 3) representing different stands (different years of coppicing). In each plot the cover of 
the tree, shrub and herb layers as well as the cover abundance of each species in each layer were 
recorded according to the Londo (1976) scale (r = 1 individual, + = 2-5 individuals, 0.1 = <1% cover, 0.2 
= 1-3% cover, 0.4 = >3-5% cover, 1a = >5-10% cover, 1b = >10-15% cover, 2 = >15-25% cover, 3 = >25-
35% cover, 4 = >35-45% cover, 5- = >45-50% cover, 5+ = >50-55% cover, 6 = >55-65% cover, 7 = >65-
75% cover, 8 = >75-85% cover, 9 = >85-95% cover, 10 = >95-100% cover). The herb layer consisted of 
all plants up to a height of 0.7 m. The shrub layer was set to include woody plants from 0.7 m to max. 
12 m. If there was a visible differentiation in the height of the trees forming distinct layers, the tree 
layer was split in upper and lower tree layer.  
Measurements of environmental variables were only carried out on the last sampling occasion. 
Photosynthetically active radiation (PAR) was determined at five locations in each plot (one at each 
corner and one in the centre) with a LI-COR light meter (Model LI-250) and a LI-COR Quantum Sensor 
(LI-190; LI-COR, Lincoln, NE, US). PAR was simultaneously recorded inside and outside the forest (15 s 
average) to calculate the mean and variation of relative light availability at each site. All measurements 
were carried out on a day with overcast sky in Jul 2013. Soil water content was measured in percentage 
with a HH2 Moisture Meter and a Theta Probe (Model ML2x, Delta-T Devices Ltd., GB) at five locations 
per plot in Jul 2013. In each plot, five samples from the upper soil below the litter layer were collected 
in May 2013. Each sample consisted of three cores taken with a 5-cm high metal cylinder of 200 cm³. 
The soil samples were air dried, crushed and sieved (2-mm sieve). All samples were analysed for pH, 
plant available phosphorus (P), calcium (Ca), magnesium (Mg), potassium (K), carbon (C) and nitrogen 
(N). Soil pH was determined in a solution of 10 g soil and 25 ml 0.01 M CaCl2 with a standard glass 
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electrode. For measurements of P, Ca, Mg and K, 5 g soil were extracted with ammonium lactate. We 
used photometric determination by flow injection analysis (FIA Tecator 5012 analyser, 5042 detector; 
Foss, DK) for P and flame atomic absorption spectrophotometry (AAS Philips PU 9100; Phillips, 
Amsterdam, NL) for Ca, Mg and K. Total C and N were determined with an elemental analyser 
(HEKAtech Euro EA; HEKAtech, Wegberg, DE). 
2.3. Data analysis 
2.3.1 Software 
All statistical analyses were conducted with Microsoft Excel version 2013, WinSTAT version 
2012.1.0.96 (R. Fitch Software, Bad Krozingen, GE) and R version 3.4.0 (R Foundation for Statistical 
Computing, Vienna, AT). The vegan package 2.4-4 (Oksanen et al. 2017) in R was used for the 
multivariate analyses. 
2.3.2 Analyses concerning the effect of coppicing 
Data preparation 
We were interested in the effect of year after coppicing (YAC) on different variables and thus sorted 
the data according to their respective year of coppicing. As the plots are placed in different areas with 
different coppicing times, the plots are in different states in terms of years after coppicing (e.g. plot 
87/1 was cut in 1986 and 2003 again, i.e. 1995 was the 10th YAC; Table 4-1). As the sample sizes for the 
years after coppicing > 9 were too small for most of the statistical analyses, we only used the data for 
the years 1-9 after coppicing for the analyses described here except for the Detrended Ordination 
Analysis, where all coppiced plots were used.  
Table 4-1: Plots with their years of 1st and 2nd coppicing as well as the state of the plot in each year in terms of years after 
coppicing. NA: No investigation, n.c. = not yet coppiced.  
Plot Year of 1st 
coppicing 
 
Year of 2nd 
coppicing 
 
State of the plot in the  investigated year in terms of YAC [yrs] 
 1994 1995 1996 1997 1998 1999 2000 2001 2002 2013 
87/1 1986 2003 NA  10 11 12 13 14 15 16 17 11 
87/2 1988 - 7 8 9 10 11 12 13 14 15 26 
92/1 1991 2011 4 5 6 7 8 9 10 11 12 3 
92/2 1992 2012 3 4 5 6 7 8 9 10 11 2 
93/1 1993 2013 2 3 4 5 6 7 8 9 10 1 
93/2 1993 2013 2 3 4 5 6 7 8 9 10 1 
94/1 1994 - 1 2 3 4 5 6 7 8 9 20 
94/2 1994 - 1 2 3 4 5 6 7 8 9 20 
95/1 1994 - 1 2 3 4 5 6 7 8 9 20 
95/2 2001 - n.c. n.c. n.c. n.c. n.c. n.c. n.c. 1 2 13 
96/1 1996 - n.c. n.c. 1 2 3 4 5 6 7 18 
96/2 2002 - n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. 1 12 
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Effect of coppicing on species richness, species groups and cover values of the layers 
For each plot in each year, we calculated three species richness variables for the herb layer: total 
number of species, number of TFS and number of OHFS. The definition of species groups follows 
Schmidt et al. (2011), according to which TFS (class 1.1) are defined as species with their main 
occurrence in closed forests, while the term OHFS (class 2.1) denotes species occurring more or less 
eƋuallǇ ofteŶ iŶ foƌests aŶd opeŶ haďitats. SpeĐies of Đlass ϭ.Ϯ ;͚ƌestƌiĐted to foƌest edges aŶd 
ĐleaƌiŶgs͛Ϳ, Ϯ.Ϯ ;͚ŵaiŶ oĐĐuƌƌeŶĐe iŶ opeŶ haďitats͛Ϳ aŶd O ;͚oĐĐuƌƌeŶĐe iŶ opeŶ haďitats͛Ϳ ǁeƌe ďaƌelǇ 
represented in our material and these categories were therefore not considered in most analyses.  
To examine the effects of the variables year and YAC on the different species richness variables as well 
as on the herb and shrub layer coverage, GLMM were carried out using the glmer function in R with 
Poisson error distribution (no. of species, no. of TFS, no. of OHFS, shrub layer coverage, herb layer 
coverage) or the lmer function with Gaussian error distribution (% of TFS, % of OHFS). We used year 
and YAC as well as the quadratic terms of both variables as continuous fixed factors and plot as random 
factor (to take into account the temporal pseudoreplication). A check for multi-collinearity between 
the explanatory variables by calculating non-paƌaŵetƌiĐ KeŶdall͛s ƌaŶk ĐoƌƌelatioŶ ĐoeffiĐieŶt τ 
revealed no close correlation between year and YAC (τ = 0.44). To get the best model fit the full models 
were reduced to the minimum adeƋuate ŵodel usiŶg stepǁise ďaĐkǁaƌds seleĐtioŶ ďased oŶ Akaike͛s 
Information Criterion (AIC). 
In order to disentangle the effects of the two variables year and YAC, we used the following steps for 
presenting (only for the graphics; for the main analyses unmodified raw data was used) the effect of 
YAC on our species richness variables in figures (Fig. 4-24). First we carried out linear regression 
analyses with the lm function in R for each plot with year as explanatory variable and total species 
richness, TFS richness and OHFS richness as response variables in order to eliminate potential 
differences between the years. We then presented the residuals as a proxy for our species richness 
variables in Fig. 4-24.  
Although we are aware that the variable year affects the variable YAC, we presented the mean values 
of all species groups (1.1, 1.2, 2.1, 2.2, O) in the different years after coppicing as well as the cover 
values of the herb and shrub layers in bar graphs. As described above, for the statistical analyses 
(GLMM, LMM) we considered year as a co-variable.  
Effect of coppicing on species composition 
Species compositional change in the different years after coppicing was analysed by Detrended 
Correspondence Analyses (DCA, Hill & Gauch 1980) with herb layer species from all plots in all years 
using mean Londo cover class values. The analysis was conducted with the vegan package in R using 
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the decorana function with default options. The plots were grouped into the following groups: 1-2 
years after coppicing, 3-5 years after coppicing, 6-8 years after coppicing, 9-11 years after coppicing, 
12-17 years after coppicing, 18-26 years after coppicing and presented in two diagrams (single plots, 
coloured after groups and centroids of the groups). Mean unweighted Ellenberg indicator values (EIV, 
Ellenberg et al. 1992) were fit post-hoc onto the plot positions in the ordination diagram with the 
function envfit in R. Variables that were significantly correlated with the axes were presented in the 
diagram.  
2.3.3 Analyses of the effects of CWS management 
Temporal dynamics 
Mean unweighted EIV for light (L), soil moisture (F), reaction (pH, R) and nitrogen (N) were calculated 
for each plot separately for the years 1994-2002 and 2013, based exclusively on the composition of 
the herb layer. Based on the herb layer we also calculated the total number of species, number of TFS 
(1.1), number of OHFS (2.1) and the number of tree and shrub species in the herb layer as well as their 
percentages and the Shannon Index for the different years. To examine the effect of the variable year 
on EIV F, EIV L, EIV N, EIV R, Shannon Index and the species richness variables, GLMM were run using 
the glmer function with Poisson error distribution (species richness, no. of TFS, no. of OHFS, no. of tree 
and shrub species in the herb layer) or the lmer function with Gaussian error distribution (EIV F, EIV L, 
EIV N, EIV R, Shannon Index, % of TFS, % of OHFS, % of tree and shrub species in the herb layer). To 
correct for the influence of YAC, we used year and YAC as well as the quadratic term of YAC as 
continuous fixed factors and plot as random factor.  
3. Results  
3.1 Present vegetation and species richness  
The present vegetation in this area conforms to the Galio-Carpinetum (Thermophilous oak-hornbeam 
forests). Quercus robur, Carpinus betulus and Acer pseudoplatanus were the most frequent species in 
the tree layer, while Fagus sylvatica, Fraxinus excelsior, Sorbus torminalis and Acer campestre were 
less frequent. The coverage of the upper tree layer was between 4 and 75 %, providing a wide range 
of different light and shade conditions. The coverage of the shrub layer also varied strongly between 
1 and 75 %, depending on the different YAC, and was characterized by large numbers of individuals of 
tree species such as A. pseudoplatanus, C. betulus, A. campestre, F. excelsior, F. sylvatica and shrub 
species such as Crataegus laevigata agg., Cornus sanguinea, Euonymus europaeus, Rosa canina, 
Lonicera xylosteum and Rosa tomentosa. The herb layer varied in coverage between 15 and 80 % and 
was characterized by a variety of TFS such as Anemone nemorosa, A. ranunculoides, Arum maculatum, 
Hepatica nobilis, Lathyrus vernus, Lilium martagon, Polygonatum multiflorum and OHFS such as Vicia 
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Fig.  4-23. Development of shrub and herb layer coverage in relation to different 
years after coppicing (YAC). 
sepium, Primula veris and Fragaria vesca as well as young trees and shrubs. Quercus robur was 
prominent in the upper tree layer and in the herb layer, but almost lacking in the lower tree layer and 
in the shrub layer. The mean number of herb species per plot in 2013 was 50 (range: 30-67).  
3.2 Effects of coppicing on species richness and composition 
The coverage of the herb layer showed a quadratic relationship with YAC, as it increased from a mean 
value of 63 % in YAC 1 to 91 % in YAC 4 and then decreased again to 74 % in YAC 9 (Fig. 4-23, Table 4-
2). The cover of the shrub layer increased consistently from 5-7 % in YAC 1 and 2 up to 61 % in YAC 9. 
However, the GLMM revealed a quadratic relationship (Fig. 4-23, Table 4-2). The number of species in 
the herb layer also showed a quadratic response to YAC with an increase from YAC 1 to YAC 3, 4 and 5 
followed by a slight decrease to YAC 8 and 9 (Figs. 4-24a and 4-25). Similar results were found for the 
number of OHFS, but less pronounced (Figs. 4-24c and 4-25, Table 4-2). The number of TFS did not 
change significantly across YAC (Figs. 4-24b and 4-25, Table 4-2). The dominating species groups were 
throughout all stages TFS (1.1) and OHFS (2.1) (Fig. 4-25).  The groups 1.2, 2.2 and O played minor roles, 
but nonetheless the number of species of group 2.2 showed the same pattern as described above for 
the group 2.1. However, the composition in terms of these species groups did not change much over 
the different stages.  
 Table 4-2: Relationships between species richness variables and explanatory variables calculated by means of generalized 
linear mixed modelling (Poisson errors; no. of species, no. of TFS, no. of OHFS, shrub layer coverage, herb layer coverage) or 
linear mixed modelling (Gaussian errors; % OHFS, % TFS) with backward selection of variables. Properties of the most 
parsimonious models are shown. The sign of the z (GLMM) or t (LMM) statistic shows if the relationship with the response 
ǀaƌiaďle ǁas Ŷegatiǀe oƌ positiǀe. The eǆplaŶatoƌǇ ǀaƌiaďles aƌe: ‚Yeaƌ afteƌ ĐoppiĐiŶg͚  (YAC) as both linear and quadratic 
teƌŵ aŶd ‚Ǉeaƌ͚ as liŶeaƌ teƌŵ. R²Đ: CoŶditioŶal R², is iŶterpreted as variance explained by both fixed and random factors (i.e. 
the entire model). 
 
 
 
 
 
 
 
 No. of species No. of TFS No. of OHFS % TFS % OHFS Shrub layer 
coverage 
Herb layer 
coverage  z p z p z p t p t p z p z p 
YAC 2.170 0.030 0.862 0.389 2.307 0.021 2.127 0.034 2.364 0.018 10.863 <0.001 4.037 <0.001 
(YAC)² -2.357 0.018 -0.934 0.350 -2.237 0.025 -2.293 0.022 -2.331 0.020 -5.420 <0.001 -3.569 <0.001 
Year 2.082 0.037 -0.132 0.895 13.731 <0.001 -0.806 0.420 3.528 <0.001 -3.251 0.001 -8.312 <0.001 
R² c 0.360  0.016  0.345  0.226  0.489  0.944  0.700  
0
20
40
60
80
100
1
n=8
2
n=8
3
n=8
4
n=8
5
n=8
6
n=8
7
n=9
8
n=8
9
n=8
M
ea
n 
co
ve
r v
al
ue
s o
f t
he
 
sh
ru
b 
an
d 
he
rb
 la
ye
r [
%
]
YAC
Shrub layer coverage Herb layer coverage
Chapter 4 – Thermophilous oak-hornbeam forest under coppice-with-standards management 
 
88 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  4-24. Development of total species richness (a), open habitat and forest 
species (OHFS) richness (b) and true forest species (TFS) richness (c) after 
coppicing. Species richness variables corrected for year (residuals from linear 
models for each plot with species richness~year) in relation to different years 
after coppicing (YAC). Mean values and standard errors are presented.  
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Fig.  4-25. Number of species belonging to different forest affinity groups (Schmidt et al. 2011) in relation to different 
years after coppicing (YAC).  1.1: species with their main occurrence in closed forests; 1.2: species restricted to forest 
edges and clearings; 2.1: species occurring more or less frequently in forests and open habitats; 2.2: species with main 
occurrence in open habitats; O: occurrence in open habitats; n.l.: not listed. Mean values are presented. 
 
 
 
The DCA showed a shift in species composition following the different stages in terms of YAC (Fig. 4-
26). The plots sampled in younger stages (groups 1-2 YAC and 3-5 YAC) are mostly found on the right 
hand side of the diagram, whereas the data points from the older stages (groups 6-8, 9-11 and 12-17 
YAC) are mostly arranged on the left hand side. The data points of the group representing the oldest 
stages (18-26 YAC) are largely situated in the middle of the diagram. DCA axis 1 was correlated with 
the EIV R and N and DCA axis 2 with EIV L and N. The centroids of the described groups showed that 
there was a systematic trend following the YAC. From group 1-2 YAC to group 3-5 YAC there was a shift 
along both axes towards lower scores and, thus, towards higher values for EIV L and R and lower EIV F 
and N. From group 3-5 YAC to group 12-17 YAC there was a consistent shift towards lower scores along 
axis 1 and towards higher scores for axis 2 (towards lower values for EIV L and N and higher values for 
EIV R and F). The shift from group 12-17 YAC to the group with the oldest stages (18-26 YAC) was 
towards the group with the youngest stages (towards higher scores along axis 1 and lower scores for 
axis 2). This shift was correlated with higher values for EIV N and F and lower values for EIV R and L. 
The change in the positions of the centroids in terms of YAC almost forms a circle, with the centroid of 
the oldest stages being close to that of the youngest stages.  
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Fig.  4-26. DCA of the species composition of 12 forests plots analysed yearly from 1994-2002 and in 2013. Plots are 
arranged in groups showing their state in terms of years after coppicing (YAC). Eigenvalues: axis 1 – 0.229, axis 2 – 0.162; 
gradient lengths: axis 1 – 2.250, axis 1 – 1.884. Ellenberg indicator values (F, L, N, R) were fitted post-hoc onto the plot 
positions in the ordination diagram. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3 Effects of CWS management on species richness and composition 
EIV L increased marginally but significantly from 1994 to 2013, while EIV N decreased significantly over 
the years (Table 4-3). The other EIV remained constant over time. The Shannon Index increased 
significantly from a mean value of 2.44 in 1994 to 3.21 in 2013. The number of herb layer species also 
increased significantly from a mean value of 44 at the initial investigation to 50 in 2013, which was 
mainly due to an increase in the number of OHFS from 15 to 24. The proportion of OHFS increased at 
the expense of TFS, whereas the number of TFS did not significantly change over this time period. Both 
the number and the percentage of tree and shrub species in the herb layer increased significantly from 
1994 to 2013.  
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Table 4-3: Changes in EIV and species richness variables from 1994 to 2013. Mean values of the initial (1994) and the last 
(2013) investigation are presented. Z or t and p values (based upon GLMM (z) and LMM (t)) are given. The arrows indicate 
significantly positive (↑) or negative (↓) trends. 
 1994 2013 Trend t  
 
z p 
EIV L 4.52 4.64 ↑ 2.550  0.011 
EIV F 5.15 5.10  -1.767  0.077 
EIV R 6.76 6.86  0.623  0.533 
EIV N 6.11 5.88 ↓ -3.977  <0.001 
Shannon Index 2.44 3.21 ↑ 3.801  <0.001 
Species richness 43.46 50.27 ↑  2.082 0.037 
No. of TFS 22.55 22.73   -0.806 0.420 
% of TFS 52.72 46.91 ↓ -6.158  0.032 
No. of OHFS 15.27 23.73 ↑  13.731 <0.001 
% of OHFS 34.49 47.88 ↑ 3.528  <0.001 
No. of  tree and 
shrub species in 
the herb layer 
 
1.64 
 
13.67 
 
↑  
 
5.341 
 
<0.001 
% of tree and 
shrub species  in 
the herb layer 
 
0.76 
 
7.44 
 
↑ 
 
5.162 
 
 
<0.001 
 
Eight herb layer species showed a decrease in frequency (by four plots or more) from 1994 to 2013 
(Table 4-4). Half of these were TFS (Adoxa moschatellina, Galium odoratum, Milium effusum and 
Pulmonaria obscura), while three species were typical of forest clearings and edges (1.2; 
Chaerophyllum temulum, Myosotis sylvatica and Aethusa cynapium) and one was a species from the 
group of OHFS (2.1; Galium aparine). All of the 16 species that increased in frequency expect one (Carex 
digitata) were woody species (young trees and shrubs such as Quercus robur, Acer pseudoplatanus and 
Sorbus torminalis).  
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Table 4-4: Herb layer species with pronounced changes in frequency (increase or decrease in four or more plots from 1994 
to 2013). Species groups are: 1.1 main occurrence in closed forests; 1.2 restricted to forest edges and clearings; 2.1 occurring 
in both forests and open habitats; 2.2 main occurrence in open habitats. 
  1994 2013 Species group 
Increasing    
Quercus robur 0 10 2.1 
Euonymus europaeus 0 10 2.1 
Acer campestre 2 11 2.1 
Crataegus laevigata agg. 0 9 2.1 
Rubus idaeus 0 9 2.1 
Acer pseudoplatanus 3 11 2.1 
Sorbus torminalis 0 8 2.1 
Cornus sanguinea 0 8 2.1 
Fagus sylvatica 1 8 1.1 
Acer platanoides 2 8 2.1 
Fraxinus excelsior 3 9 2.1 
Prunus avium 0 6 2.1 
Crataegus monogyna agg. 0 5 2.1 
Carpinus betulus 7 11 1.1 
Sambucus nigra 0 4 2.1 
Carex digitata 2 6 1.1 
Decreasing    
Galium aparine 11 3 2.1 
Adoxa moschatellina 8 1 1.1 
Chaerophyllum temulum 8 3 1.2 
Galium odoratum 10 5 1.1 
Milium effusum 11 6 1.1 
Myosotis sylvatica 6 1 1.2 
Aethusa cynapium ssp. elata 5 1 2.2 
Pulmonaria obscura 9 5 1.1 
    
 
4. Discussion 
4.1 Effects of coppicing  
Coppicing is a human-induced disturbance in forests that triggers the dynamics of the vegetation. 
Despite the highly dynamic management system of CWS forests, we found a remarkable constancy of 
the species composition in the herbaceous layer in the studied area. This also supported by the results 
of the DCA ordination that show a cyclic change in species composition but on a relatively low level 
(gradient length of centroid diagram along the first axis <0.8). Additionally, we found a typical dynamic 
regarding species richness as well as herb and shrub layer coverage between these regularly performed 
disturbances. This dynamic typically consists of a continuous increase in the cover of the shrub layer 
after coppicing as a result of the increased light availability due to the canopy opening, possibly 
associated with a higher availability of water and mineral nutrients due to less competition in the root 
area (Parsons et al. 1994). In parallel the cover of the herb layer increases in the first years after 
coppicing with its maximum reached after three or four years to remain relatively constant until nine 
years after coppicing. A similar pattern was found in Castanea sativa coppices in England, where the 
cover sum of all species was highest in years three and four after coppicing and then decreased until 
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year twelve after coppicing (Mason & Macdonald 2002). Our findings also correspond to those of Hédl 
et al. (2017b) who found a strong increase in the herb layer coverage in the years three to four after 
coppicing in highly thinned plots in a secondary planted forest with recently introduced CWS 
management. This was mainly caused by an increase in nitrogen-demanding weedy species in plots 
under lime trees which almost had no herbaceous layer before cutting. The negative relationship 
between canopy cover and understory vegetation cover was shown by several studies (e.g. Stone & 
Wolfe 1996; Thomas et al. 1999). It is remarkable, however, that even when the shrub layer became 
denser in our plots the herb layer still covered more than 75 %. This might be caused by the fact that 
the herb layer plants built up their biomass (also belowground) in the years with more light caused by 
higher photosynthetic rates and benefitted from this high productivity in the following years (Mason 
& Macdonald 2002; Thomas et al. 1999). We therefore hypothesize that a few years later the coverage 
of the herb layer will decrease again, which is supported by our results, albeit with small sample sizes. 
The relatively low cover of the herb layer in our study directly after cutting may result from the darker 
years before, in which the accumulation of biomass is likely to be lower (Mason & Macdonald 2002), 
and also from the physical disturbance during the coppicing operations.    
Not just the cover of the herb layer was highest in year three and four after coppicing, but also species 
richness had its maximum in this period. The increase in species richness after coppicing/thinning is 
consistent with the results of other studies (Ash & Barkham 1976; Hédl et al. 2017b; Mason & 
Macdonald 2002; Thomas et al. 1999; Verschuyl et al. 2011; Vild et al. 2013). Also the slow decline in 
species richness some years after coppicing has been shown before (Ash & Barkham 1976; Mason & 
Macdonald 2002). It is widely assumed that particularly OHFS benefit from the increased light 
availability in these open forest stages (Kopecký et al 2013; Vild et al. 2013), which is confirmed in our 
study. We also showed that the TFS do not suffer from strong competition with increasing OHFS in the 
lighter forest stages. In contrast, the TFS are relatively unaffected by coppicing. The survival of shade-
tolerant species after coppicing was also found in other studies (Ash & Barkham 1976; Vild et al. 2013). 
Vild et al. (2013) showed that this increase in species richness after coppicing resulted from an increase 
in the number of ruderal species, while Hédl et al. (2017b) found that it resulted from an increase in 
mostly weedy, nitrogen-demanding species from the surrounding areas. Some authors also noted a 
strong increase in alien species after coppicing (Hédl et al. 2017b; Radtke et al. 2013). In our study 
there was instead mainly an increase in the frequency of OHFS, possibly caused either by the activation 
of diaspores from the soil seed bank due to soil disturbances resulting from harvesting operations 
(Decocq et al. 2004) or the arrival of diaspores through forestry operations or by animals (small 
mammals, deer etc.), which have been shown to prefer thinned areas in forests (e.g. Cole et al. 2010; 
Garman 2001). Some species may exist only as vegetative rhizomes or roots in the soils until the light 
conditions become favourable again (e.g. Pärtel 2014). 
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Among those species responding positively to coppicing in our studies were several that were also 
found to be associated with coppiced stands in the study of Brown & Warr (1992), such as Cirsium 
vulgare, Galium aparine, Galium odoratum, Glechoma hederacea, Hypericum hirsutum, Potentilla 
sterilis, Scrophularia nodosa, Taraxacum Sect. Ruderalia and Veronica chamaedrys. The authors 
conclude from their findings that the ground flora and the soil seed bank of ancient coppices might be 
adapted to the regime of regular cutting and also to longer shaded phases, where the soil seed bank 
allows the species to persist and recover again in lighter phases (Brown & Warr 1992). It has also been 
shown that, for instance, the light-demanding forest species Primula veris can survive over decades in 
dark forests without much light (Lehtilä et al.  2016), suggesting that the response of plants to changing 
environmental conditions can have a strong delay. Becker et al. (2017) found that light-demanding 
Poaceae such as Bromus benekenii declined after the abandonment of the CWS management. Among 
those species reacting positively on coppicing in our study were also three light-demanding Poaceae 
such as Bromus benekenii, Melica nutans and Hordelymus europaeus. Contrary to other findings (Hédl 
et al. 2017a; Vild et al. 2013), our results showed that the event of coppicing does not result in strong 
compositional shift. On the contrary, we found a remarkable constancy regarding the composition of 
the forest affinity groups in the different years after coppicing. TFS are not negatively affected by the 
increased light availability after coppicing, i.e. they do not suffer from strong competition with OHFS. 
In fact, it has been shown before that also TFS can benefit from increased light availability in forests 
(e.g. Brunet et al. 1996; Paillet et al. 2010). 
4.2 Effects of CWS management 
The studied area had been managed as CWS forest over centuries, which has led to high plant species 
richness in this system compared to high beech forests (Zacharias 1996). Our study showed that the 
restoration of the CWS management system can maintain the high diversity in this old CWS forest. 
Even though the level of plant species richness was already very high before the restoration of the CWS 
management system (Zacharias 1996), 19 years of CWS management resulted in a further increase in 
species richness. The opposite effect was shown to happen in several studies of forests where the CWS 
management system was abandoned (Becker et al. 2017; Hédl et al. 2010; Kopecký et al. 2013). In 
particular, tree regeneration has strongly increased in our study, which may affect the general faunistic 
biodiversity in this area positively. A high diversity in woody species is connected with a high potential 
in various habitats for different animal species and has been shown as having positive effects on animal 
species richness (e.g. Drever & Martin 2010: woodpeckers; Moreno et al. 2016: moths; Samu et al. 
2014: spiders). The increased light supply resulting from the management system might be the reason 
for the increasing tree regeneration in our study. The game density as a key factor for the success of 
tree regeneration (Heinrichs et al. 2012) has not decreased over the past decades in this area (H. 
Fischer, pers. comm. ϮϬϭϳ, ͚loĐal foƌesteƌ͛Ϳ, thus it ĐaŶŶot ďe used as aŶ eǆplaŶatioŶ. Hoǁeǀeƌ, the faĐt 
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that studies from other areas with contrary management systems also found a strong increase in tree 
regeneration over the past decades (Becker et al. 2017 in an abandoned CWS forest; Strubelt et al. 
2017 in an extensively managed alluvial forest), suggests that there are other underlying mechanisms 
responsible for increasing tree regeneration.  
Several studies of forests in Europe found a change in forest species composition towards more N-
demanding species resulting from increased deposition of airborne N (Hédl et al. 2010; Perring et al. 
2018; Verheyen et al. 2012; Verstraeten et al. 2013; annual N deposition in Salzgitter Höhenzug 
mountains 17 kg ∙ ha-1 ∙ year-1; https://gis.uba.de/website/depo1/; accessed 23 Aug 2018). We instead 
found a decrease in the EIV for nitrogen in our area, which might be caused by the regular removal of 
nutrients during coppicing (Ellenberg & Leuschner 2010). It is known that after the abandonment of 
CWS management EIV N increases (Becker et al. 2017). Verheyen et al. (2012) assumed that with 
opening the canopy nitrogen accumulated in the soil from atmospheric deposition and biomass 
accumulation might be released, resulting in an increase in the frequency of ruderal, nitrogen-
demanding species (as shown in Hédl et al. 2017b; Vild et al. ϮϬϭϯͿ. This so Đalled ͚ŶitƌogeŶ tiŵe ďoŵď͛ 
scenario did not happen in our study area. Ruderal, nitrogen-demanding species did not play a major 
role here, not even in the light phases after coppicing. We believe that the low water storage capacity 
of the limestone rendzina soil resulting in dry soils especially in the summer time may be one reason 
for this, as there is simply not sufficient nitrogen and water for the more demanding species. Another 
possible explanation could be the high species richness even in the darker years, as these species also 
benefit from the increased light after coppicing and therefore also use nitrogen for their growth, which 
leads to high competition. 
5. Conclusion   
We were able to show that the CWS management system with the alternation of light and shaded 
phases had a positive impact on vascular plant species richness, particularly in terms of tree 
regeneration. Considering the trend of decreasing plant species richness levels in Central European 
forests (e.g. Mölder et al. 2014; Schulze et al. 2016; Schmidt & Heinrichs 2015; own unpublished 
results), CWS managed forests play a major role in the conservation of vascular plant species diversity. 
However, in our opinion, maintaining the biodiversity in Central European forests requires different 
appƌoaĐhes: PƌeseƌǀiŶg aŶd estaďlishiŶg ǀiƌgiŶ foƌests, ŵaŶagiŶg foƌests ǁith a ͞Đlose-to-Ŷatuƌe͟-
management as well as the restoring of historical management systems such as CWS. Preserving 
unmanaged forests is particularly important for the conservation of other forest taxa such as 
bryophytes, lichens, fungi and saproxylic beetles, which are negatively affected by forest management 
(Edwards 1986, Paillet et al. 2010). 
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Appendices 
Appendix B1. Abundance (Londo cover values) of all species in the different layers (tree, shrub, herb) 
in the 12 permanent plots in the coppice-with-standards forest projects Liebenburg investigated in the 
years 1994-2002 and 2013. 
Appendix B2. Abiotic parameters of the 12 permanent plots in the coppice-with-standards forest 
project Liebenburg: Photosynthetic active radiation (PAR), Soil water content (H2O), soil pH (pH), 
contents of the soil nutrients: plant available phosphorus (P), magnesium (Mg), calcium (Ca), 
potassium (K), C/N ratio (C/N). All parameters were measured in July 2013.  
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Chapter 5 
 
Vegetation changes in the 
Hasbruch forest nature reserve (NW Germany)  
depend on management and habitat type 
 
Strubelt, I., Diekmann, M., Peppler-Lisbach, C., Gerken, A. & Zacharias, D. 2019. 
Forest Ecology and Management 444: 78-88. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-1. Unmanaged forest stands in the Hasbruch forest with Quercus robur, Fagus sylvatica and Carpinus betulus. Aspect 
with old trees and dead wood. Picture taken by Ilka Strubelt. 
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Impressions of the study area Hasbruch 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.2. Unmanaged forest stand in the Hasbruch forest with Quercus robur, Fagus sylvatica, Carpinus betulus and Ilex 
aquifolium. Aspect with younger trees. Picture taken by Ilka Strubelt.  
Fig. 5-3. Friederikeneiche. More than 1000 years old oak tree (Quercus robur) and Ilka Strubelt. Picture taken by Manuel Peña.  
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Fig. 5-4 - 5-14. Plants of the Hasbruch forest. 5-4. Chrysosplenium alternifolium and Ranunculus ficaria; 5-5. Oxalis acetosella; 
5-6. Anemone nemorosa; 5-7. Hedera helix, Pulmonaria obscura and Ranunculus ficaria; 5-8. Cardamine pratensis; 5-9. 
Primula elatior; 5-10. Dead oak tree with with fruiting bodies of Fomes fomentarius; 5-11. Climbing Hedera helix; 5-12. 
Friederikeneiche (>1000 yrs oak tree) and Ilka Strubelt; 5-13. Friederikeneiche; 5-14. Dead trees with fruiting bodies of Fomes 
fomentarius. All pictures taken by Ilka Strubelt, except 5-12 by Manuel Peña. 
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Fig. 5-15 – 5-22. The four different groups of plots in the Hasbruch forest. 5-15 and 5-16. Unmanaged Stellario-
Carpinetum loniceretosum (POOR) stands; 5-17 and 5-18. Managed Stellario-Carpinetum loniceretosum stands; 5-19 –  
5-20. Unmanaged Stellario-Carpinetum stachyetosum (RICH) stands; 5-21 and 5-22. Managed Stellario-Carpinetum 
stachyetosum (RICH) stands. Pictures taken by Andrea Gerken.  
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Abstract 
Aims: We carried out vegetation studies in the ancient Hasbruch forest, which provided the unique 
conditions of unmanaged (UM) and managed (M) stands in two vegetation types Stellario-Carpinetum 
loniceretosum (POOR) and stachyetosum (RICH) stands in one closed forest allowing us to study 1) the 
changes in species composition and richness over 20 years considering the entire forest as well as (2) 
group-specific changes. 
Location: Hasbruch forest in the lowlands of Lower Saxony, Germany.  
Methods: In 2016 we resurveyed the vascular plant species composition of 79 semi-permanent plots 
analysed in 1996. General and group-specific trends as well as drivers of changes were analysed using 
DCA, PCA, LM, t-test, U-test, ANOVA.  
Results: Tree and shrub layer coverage increased significantly in the entire forest. Herb layer species 
richness decreased significantly only in group RICH_UM. While the pH-value increased significantly in 
group POOR, it decreased significantly in group B. EIV F increased significantly in group POOR_M and 
decreased significantly in group RICH_UM. EIV L increased significantly in both of the managed groups, 
while it decreased significantly in group RICH_UM. An increase was found for EIV N in group POOR_M, 
whereas a decrease was found in group RICH_M. Strongly increasing species were Ilex aquifolium, 
Rubus fruticosus agg. and Hedera helix; strongly decreasing species Geum urbanum and Primula elatior. 
The change in species richness was positively affected by ∆pH and negatively affected by ∆T1cov in the 
entire forest.  
Conclusions: The main drivers for changes in species richness and composition in the Hasbruch forest 
were light and water availability. The effects of the drivers strongly depended on the vegetation type. 
Changes in species composition were more pronounced in nutrient-rich forests than on nutrient-poor 
sites. In nutrient-rich forests, decreased groundwater influence led to decreased soil pH which 
especially affected typical woodland plants in a negative way. Management positively affected light-
demanding species as well as some N-demanding species. Thus, unmanaged, nutrient-rich stands 
displayed the highest losses in species diversity. In the nutrient-poor stands, changes in species 
composition were not significantly related to changes in soil and management. However, increasing 
pH as well as increased Ellenberg L, F, and N values suggest a tendency towards eutrophication. This is 
possibly a consequence of N deposition and recovery from soil acidification.  
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Abbreviations 
POOR_M = Stellario-Carpinetum loniceretosum, managed 
POOR_UM = Stellario-Carpinetum loniceretosum, unmanaged 
RICH_M = Stellario-Carpinetum stachyetosum, managed 
RICH_UM = Stellario-Carpinetum stachyetosum, unmanaged 
EIV = Ellenberg indicator value 
EIV F = Ellenberg indicator value for soil moisture 
EIV L = Ellenberg indicator value for light 
EIV N = Ellenberg indicator value for soil nutrients 
SR = Species richness 
SRT = Tree layer species richness 
SRS = Shrub layer species richness 
SRH = Herb layer species richness 
SRM = Moss layer species richness 
SR1.1 = No. of species of class 1.1 (Schmidt et al. 2011): species with their main occurrence in closed 
forests 
SR1.2 = No. of species of class 1.2 (Schmidt et al. 2011): species restricted to forest edges and 
clearings 
SR2.1 = No. of species of class 2.1 (Schmidt et al. 2011): species occurring more or less equally often 
in forests and open habitats 
SR2.2 = No. of species of class 2.2 (Schmidt et al. 2011): species with their main occurrence in open 
habitats 
SRO = No. of species of class O (Schmidt et al. 2011): species occurring in open habitats 
T1cov = Coverage of the upper tree layer [%] 
T2cov = Coverage of the lower tree layer [%] 
Scov = Coverage of the shrub layer [%] 
Hcov = Coverage of the herb layer [%] 
Mcov = Coverage of the moss layer [%] 
Highlights 
 We carried out vegetation studies in the ancient oak forest Hasbruch in Germany 
 We analysed drivers of changes in vascular plant species richness 
 We analysed the effect of management and vegetation type on these changes 
 The main drivers for changes in species richness were light and water availability 
 Effects of the drivers strongly depended on the vegetation type  
Chapter 5 – Oak-hornbeam forest - unmanaged and managed stands 
 
109 
 
Keywords 
Hasbruch; Oak forest; Quercus robur; Species richness; Unmanaged forest; Vegetation resurvey 
Nomenclature 
Garve (2004) for vascular plants 
1. Introduction 
Almost all Central European forests have a long history of management (Ellenberg & Leuschner 2010; 
Härdtle et al. 2004; Meyer et al. 2006). Wood pasture, litter raking, hay-making, coppicing and timber 
harvesting have been common management practices since thousands of years (Härdtle et al. 2004). 
When humans started to settle in North-western Germany, mixed oak (mainly Quercus robur) forests 
were the dominant forest type, while beech (Fagus sylvatica, now representing the potential natural 
vegetation in most of the Central European forests) had not yet re-spread from its remnant areas of 
distribution during the glacial periods (Härdtle et al. 2004; Kramm 1978; Meyer et al. 2006; Zacharias 
1996). The settlers preferred oak trees providing acorns for their livestock and timber used for building 
houses and ships (Ellenberg & Leuschner 2010; Peterken 1993). In so doing they influenced the tree 
species composition of the forests. Until today oaks have been promoted on many sites and therefore 
oak dominated forests are widespread in Central Europe although most of them would have been 
replaced by beech or mixed forests under natural conditions (Härdtle et al. 2004). That means that the 
species composition of current forests in Central Europe is a result of thousands of years of human 
management. In the beginning of the 20th century first ideas about the establishment of strict forest 
nature reserves without any human impact emerged in Germany in order to ensure long-term natural 
development (Meyer et al. 2006). The oldest forest nature reserves in Germany are now unmanaged 
since the end of the 19th century, the youngest since 2017 with most of them being unmanaged since 
the 1970s to 1980s (https://www.naturwaelder.de/; accessed 17.10.2018). Currently 1.9 % of the 
German forests represent strict forest nature reserves, the aim is to extend the area to 5 % until 2020 
(Engel et al. 2016). 
In the past few decades, Central European forests have been subject to strong vegetation shifts, 
including an increase in shade-tolerant (due to cessation or conversion of management) and nutrient-
demanding species (due to increasing nitrogen [N] deposition; Baeten et al. 2009; Becker et al. 2017; 
Hédl et al. 2010; Perring et al. 2018; Verheyen et al. 2012; Verstraeten et al. 2013) as well as a general 
increase in tree regeneration (Becker et al. 2017; Strubelt et al. 2017; Strubelt et al. 2019) and a 
decrease in herb layer species richness (Baeten et al. 2010; Mölder et al. 2014; Schmidt & Heinrichs 
2015; Schulze et al. 2015). While increasing N deposition is one of the most important drivers of 
changes in forest vegetation, the effects can be obscured by other changes (e.g. increasing canopy 
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cover after change in management; Verheyen et al. 2012). The most obvious trends in (recently) 
unmanaged forest stands in Germany are a strong increase in tree and shrub layer coverage, mainly 
attributed to a strong increase in the competitive, shade-tolerant tree species Fagus sylvatica. These 
trends are accompanied by a strong decrease in the herb layer coverage and decrease in light intensity 
(Fischer et al. 2009; Mölder et al. 2014; Schmidt 2005) as well as a strong decrease of light-demanding 
species and of species reacting positively to disturbance (Schmidt & Schmidt 2007). This shows that 
the important drivers of change in managed forests are different from those in unmanaged forests, 
indicating that vegetation shifts in forests are influenced by environmental changes as well as by 
(former) management. Perring et al. (2018) showed that changes in forests can best be explained by 
an interaction between both management legacies and environmental changes. This underlies the 
necessity to consider both when explaining trends. 
Besides those studies dealing with long-term monitoring in either managed or unmanaged stands in 
Germany there are also studies dealing with the comparison of unmanaged and managed forests (Boch 
et al. 2013; Paillet et al. 2010; Schmidt 2005; Schmidt & Schmidt 2007, von Oheimb & Härdtle 2009), 
indicating a generally higher species richness in managed stands. However, the existing studies about 
differences between managed and unmanaged stands were mostly conducted across different forests 
in different regions (Paillet et al. 2010; Schmidt 2005; von Oheimb & Härdtle 2009), which holds the 
risk of confounding variables such as climatic or species-pool effects influencing the results. 
Furthermore, they do not include the development of different stands over a longer time period but 
compare the state at a given time (Boch et al. 2013; Paillet et al. 2007; von Oheimb & Härdtle 2009). 
To our knowledge, no research has so far addressed the changes in species composition and richness 
in unmanaged and managed stands in two different types of oak vegetation in one large forest over as 
long as 20 years. As the drivers of changes in species composition and richness in forests as well as the 
impact of management on these changes are still not completely understood, we carried out 
vegetation studies on semi-permanent plots in the largest ancient forest with oak stands (with up to 
1.200 years old trees) in the lowlands of Northwest Germany in 1996 and 2016. The 630-ha large 
Hasbruch forest provides unique conditions of unmanaged and managed stands in two oak vegetation 
types in one closed forest allowing us to study the overall changes in species composition and richness 
over 20 years considering the entire forest as well as management-dependent and vegetation-type-
dependent changes. We specifically aim to answer the following questions: (1) How have species 
richness and composition changed in the Hasbruch forest over 20 years? (2) Are there different trends 
in a) the managed and unmanaged plots and b) the different vegetation types? (3) What are the drivers 
of changes a) in the different management types and c) in the different vegetation types? (4) Does the 
cessation of management result in a decrease of herb layer species richness? (5) Do N deposition result 
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in an increase in N-demanding species? And does this depend on either the vegetation or management 
type of the plots? (6) Which are the winner and which are the loser species in the Hasbruch forest? 
2. Materials and methods 
2.1. Study area  
The Hasbruch is a 630-ha large ancient forest, situated in the lowlands of northern Germany (53° 04' 
11.0" N, 8° 29' 29.8" E, 15-32 m a.s.l.). The climate is sub-Atlantic, with a mean annual temperature of 
8.5 °C and an average annual precipitation of 780 mm (Hastedt 2009). The soil is characterized by sandy 
and clayey loam as well as loamy sand. The entire Hasbruch forest has been protected as a nature 
reserve and Natura 2000 site since 1997. In the central part of the Hasbruch, 18 ha of former woodland 
pasture had been declared as widely unmanaged nature reserve as early as 1870 by the grand-duke of 
Oldenburg. In 1972, these parts became a totally unmanaged woodland reserve ("Naturwaldreservat") 
with the aim of spontaneous forest development. The unmanaged area was extended in 1989 to 40 ha 
of nature forest ("Naturwald") and has not been managed ever since (Peters 1998, Unkrig & Stegink-
Hindriks 1999). The forest is the largest ancient forest in the lowlands of Lower Saxony and plays a 
major role in the conservation of both faunistic and floristic biodiversity (Tielking 1999). It also hosts 
several centuries-old trees (Quercus robur, Fagus sylvatica, Carpinus betulus) as well as the second 
oldest oak tree in Germany (Friederikeneiche, ca 1.200 years). The Hasbruch had been managed as 
plenter forest combined with a special kind of coppicing (cutting hornbeam trees in 2-3 m height for 
reasons of firewood and leaf fodder collection) over centuries up to 1780. When a single oak tree was 
removed, always a new young oak was planted. Until 1882 the area had also been used as wood 
pasture. Since 1830 the area has been transformed to high forest management (Tielking 1999). The 
recent management (in areas other than the nature reserve) aims at preserving oak forests in larger 
parts and at supporting the development of natural vegetation in smaller parts (close-to-nature forest 
management). 190 ha of the Hasbruch conform to the Stellario-Carpinetum loniceretosum (Peppler-
Lisbach & Peters 1999; Peters 1998; here referred to as POOR), in which Quercus robur is the dominant 
tree species accompanied by Carpinus betulus and Fagus sylvatica. The shrub layer is dominated by F. 
sylvatica and Ilex aquifolium and the herb layer by Anemone nemorosa, Lonicera periclymenum and 
Oxalis acetosella among others. Another community type occupying 53 ha of the Hasbruch conforms 
to the Stellario-Carpinetum stachyetosum (Peppler-Lisbach & Peters 1999; Peters 1998; here referred 
to as RICH). The tree layer is also dominated by Quercus robur, C. betulus and F. sylvatica, frequent 
species in the shrub layer are Crataegus laevigata and F. sylvatica. A. nemorosa, Primula elatior, 
Ranunculus ficaria, Pulmonaria obscura and Stachys sylvatica are typical species in the herb layer. The 
other parts of the 630 ha large forest are dominated by a mixed type of Stellario-Carpinetum 
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loniceretosum and stachyetosum, beech forests and other communities, which are not considered in 
this study.  
2.2. Sampling of vegetation and environmental variables 
Totally 79 sample plots of (150 – 400 m²) were analysed with respect to their vascular plant species 
composition on two occasions (between April and June; each plot was visited twice, assuring that both 
vernal and summer species were captured) in 1996 (Peters 1998) and again in 2016. At the initial 
investigation in 1996, geographical coordinates were recorded for each plot for which there also was 
a detailed documentation of the field methods (Peters 1998). These notes enabled us to re-locate the 
79 plots with high spatial precision. In each sample plot the cover of the tree, shrub, herb and moss 
layers as well as the cover abundance of each species in each layer were estimated according to the 
Braun-Blanquet cover abundance scale (r = 1 individual, + = 2–5 individuals, 1 = <5% cover, 2 = 5–25% 
cover, 3 = 26–50% cover, 4 = 51–75% cover, 5 = 76–100% cover; Braun-Blanquet 1964). The herb layer 
consisted of all plants up to a height of 0.7 m. The shrub layer was set to include woody plants from 
0.7 m to 8 m (in some individual cases max. 12 m). If there was a visible differentiation in the height of 
the trees forming distinct layers, the tree layer was divided in upper (T1) and lower (T2) tree layers. 
Measurements of environmental variables in the plots were only carried out in 2016, except for pH 
that was also analysed in 1996 (pH values in 1996 were measured in a CaCl2 solution; detailed methods 
see Peters 1998). In each plot, a sample from the upper soil below the litter layer was collected in April-
June 2016. Each sample consisted of five cores taken with a 5-cm high metal cylinder of 200 cm³. The 
soil samples were air dried, crushed and sieved (2-mm sieve). All samples were analysed for pH, plant 
available phosphorus (P), calcium (Ca), potassium (K), magnesium (Mg), carbon (C) and nitrogen (N). 
Soil pH was determined in a solution of 10 g soil and 25 ml 0.01 M CaCl2 with a standard glass electrode. 
For measurements of P, Ca, Mg and K, 5 g soil were extracted with ammonium lactate. We used 
photometric determination by flow injection analysis (FIA Tecator 5012 analyser, 5042 detector; Foss, 
DK) for P and flame atomic absorption spectrophotometry (AAS Philips PU 9100; Phillips, Amsterdam, 
NL) for Ca, Mg and K. Total C and N were determined with an elemental analyser (HEKAtech Euro EA; 
HEKAtech, Wegberg, DE). 
2.3 Groups of plots 
Considering both management system and vegetation type, the plots were divided into four groups: 
POOR_M = Stellario-Carpinetum loniceretosum, managed; POOR_UM = Stellario-Carpinetum 
loniceretosum, unmanaged; RICH_M = Stellario-Carpinetum stachyetosum, managed; RICH_UM = 
Stellario-Carpinetum stachyetosum, unmanaged (Table 5-1).  The groups Stellario-Carpinetum 
loniceretosum and Stellario-Carpinetum stachyetosum and the assignment of the plots to the groups 
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were distinguished by Peters (1998). We added the management type as another distinguishing factor 
to the two groups of Peters (1998). 
Table 5-1. The four investigated types of plots in the Hasbruch forest with their vegetation and management type as well as 
mean values and standard deviations of the measured environmental variables pH, phosphorus (P), magnesium (Mg), calcium 
(Ca), potassium (K), C/N ratio (CN). 
Plot type POOR_M POOR_UM RICH_M RICH_UM 
Vegetation type Stellario-Carpinetum 
loniceretosum 
Stellario-Carpinetum 
stachyetosum 
Management Management 
aim: Preserving 
oak-forests 
Unmanaged 
since 1989 
Management 
aim: Preserving 
oak-forests 
Unmanaged 
since 1989 
Number of plots 36 7 20 16 
pH 3.3 ± 0.1 3.3 ± 0.2 4.2 ± 0.5 4.0 ± 0.5 
P [mg ∙ 100g soil-1] 4.1 ± 1.6 3.6 ± 1.6 2.1 ± 0.5 1.9 ± 0.4 
Mg [mg ∙ 100g soil-1] 24.0 ± 6.4 18.7 ± 3.9 21.5 ± 10.6 14.8 ± 1.9 
Ca [mg ∙ 100g soil-1] 105.5 ± 20.7 93.2 ± 30.3 154.5 ± 58.3 106.3 ± 35.5 
K [mg ∙ 100g soil-1] 17.2 ± 8.3 11.1 ± 8.3 11.3 ± 5.0 5.7 ± 3.1 
C/N ratio 16.5 ± 0.8 18.0 ± 1.0 14.4 ± 1.4 15.1 ± 1.1 
 
2.4. Data analysis 
2.4.1 Software 
All statistical analyses were conducted with Microsoft Excel version 2013, WinSTAT version 
2012.1.0.96 (R. Fitch Software, Bad Krozingen, GE) and R version 3.4.0 (R Foundation for Statistical 
Computing, Vienna, AT). The vegan package 2.4-4 (Oksanen et al. 2017) in R was used for the 
multivariate analyses. 
2.4.2 Analyses of temporal dynamics 
Mean unweighted Ellenberg indicator values (EIV, Ellenberg et al. 1992) for light (L), soil moisture (F) 
and nitrogen (N) were calculated for each plot separately for the years 1996 and 2016, based 
exclusively on the composition of the herb layer. We did not use EIV R for our analyses, since we 
measured the pH values of the soil of the plots and included these in the analyses. Based on the herb 
layer we also calculated the numbers of species for the following groups of species with different 
affinities to forest (following Schmidt et al. (2011)): SR1.1: class 1.1; species with their main occurrence 
in closed forests; SR1.2: class 1.2; species restricted to forest edges and clearings; SR2.1: class 2.1; 
species occurring more or less equally often in forests and open habitats; SR2.2: class 2.2; species with 
their main occurrence in open habitats; SRO: class O; species occurring in open habitats. We also 
calculated the numbers of species in each layer (SRT: tree, SRS: shrub, SRH: herb, SRM: moss) 
separately. The t-test (for normally distributed variables) or the non-parametric U-test (for not 
normally distributed variables) was used for analysis of changes in the above-mentioned variables as 
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well as pH and the cover values of the upper tree layer (T1cov), lower tree layer (T2cov), shrub layer 
(Scov), herb layer (Hcov) and moss layer (Mcov) in the entire area as well as in the four groups 
(POOR_M, POOR_UM, RICH_M, RICH_UM). An ANOVA was used to analyse the differences between 
the four groups. P-values were adjusted using the p.adjust function with the fdr method in R (Benjamini 
& Hochberg 1995). 
2.4.3 Analyses of the drivers of compositional change 
Species compositional change between the two years was analysed by Detrended Correspondence 
Analysis (DCA, Hill & Gauch 1980; length of Axis 1 > 4) with herb layer species from all plots in the two 
years using mean Braun Blanquet cover class values (expressed as percentage). The analysis was 
conducted with the vegan package in R using the decorana function with default options. The centroids 
of the eight groups (POOR_M, POOR_UM, RICH_M, RICH_UM for both years 1996 and 2016) were 
plotted with the function ordispider in R. Additionally, separated analyses were conducted for all plots 
of group RICH and of group POOR. Mean unweighted EIV, the cover values of the tree and shrub layers, 
pH, year as well as the factorial variable Management were fit post-hoc onto the plot positions in the 
ordination diagram with the function envfit in R. Variables that were significantly correlated with the 
axes were presented in the diagram. 
A Principal Component Analysis was conducted for Δ abundances (abundance species X in 2016 – 
abundance species X in 1996) of all species of the herb layer with the rda function in R with default 
options. The mean Braun Blanquet cover class values of the species abundances were square root 
transformed before building the Δ ǀalues. The plots ǁeƌe gƌouped iŶto the fouƌ gƌoups POOR_M, 
POOR_UM, RICH_M, RICH_UM. Only species vectors correlated with the axes (R²>0.3) were displayed. 
Mean unweighted EIV, the cover values of the tree and shrub layers, pH and the factorial variable 
group were fit post-hoc onto the plot positions in the diagram with the function envfit in R. Variables 
that were significantly correlated with the axes were presented in the diagram.  
2.4.4 Analysis of drivers of the change in species richness  
To determine drivers of change in species richness (ΔSR), a linear model was made using the lm 
function in R with Gaussian error distribution. The cover values of the tree and shrub layers, the 
measured environmental parameters, delta cover value of the tree layer, delta pH as well as the 
interaction term group were included as independent variables. To avoid multi-collinearity, we 
calculated Spearman rank correlation coefficients ρ between all variables and a priori excluded 
variables with ρ > 0.6 with other variables. Variables T1cov, Scov, pH (correlated with P and CN), Mg 
(correlated with Ca), K, ΔpH, ΔT1cov as well as the interaction of all those variables with group were 
retained. Full models were reduced to minimum adequate models using step-wise backwards selection 
based on BIC (Bayesian information criterion).  
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To analyse if single variables (P, Ca, Mg, K, CN, pH, ΔpH, T1cov, ΔT1cov, ΔEIV F, ΔEIV L and ΔEIV N) had 
an effect on the change in species richness (ΔSR) either alone, together with the factorial variable 
group or with an interaction with group, five models were compared for each variable (X) using BIC: 
ΔSR~1, ΔSR~ group, ΔSR~X, ΔSR~group+X, ΔSR~group*X.  
3. Results 
3.1 Temporal dynamics 
Tree layer species richness across all plots in the study area increased from 1996 to 2016 (Table 5-2.). 
Shrub layer species richness increased in group POOR_M. A decrease in the number of herb layer 
species was only found in group RICH_UM, which was attributed to a loss of species of the classes 1.1 
and 2.1. The cover of the upper tree layer across all plots increased from 32.6 in 1996 to 57.7 in 2016. 
This increase was stronger in both unmanaged groups. The cover of the lower tree layer decreased 
across all plots, mainly attributed to a decrease in group RICH_UM. An increase was found for the 
shrub layer coverage from a mean value of 2.6 in 1996 to 15.0 in 2016 in the whole studied area, while 
the herb layer coverage only increased in group POOR_M.  
The pH value increased in group of POOR_M, while it tended to decrease in both groups of RICH (Table 
5-2). EIV L did not change significantly. EIV F increased in group POOR_M and decreased in group 
RICH_UM. An increase was found for EIV N in group POOR_M, whereas a decrease was found in group 
RICH_M. 
 
Chapter 5 – Oak-hornbeam forest - unmanaged and managed stands 
 
116 
 
Table 5-2. Changes in species richness variables, cover values of the vegetation layers, pH values and mean Ellenberg indicator values from 1996 to 2016. Mean values of the variables and P 
values (based on the t-test or U-test; p values from U-test are marked with U; all p values were adjusted using the fdr method by Benjamini & Hochberg 1995) for all plots as well as for the four 
tǇpes ;POOR_M, POOR_UM, RICH_M, RICH_UMͿ aƌe giǀeŶ. The aƌƌoǁs iŶdiĐate sigŶifiĐaŶtlǇ positiǀe ;↑Ϳ oƌ Ŷegatiǀe ;↓Ϳ tƌeŶds. P values based on ANOVA show if there is a significant difference 
between the four forest types. Variable abbreviations: POOR_M = Stellario-Carpinetum loniceretosum, managed; POOR_UM = Stellario-Carpinetum loniceretosum, unmanaged; RICH_M = Stellario-
Carpinetum stachyetosum, managed; RICH_UM = Stellario-Carpinetum stachyetosum, unmanaged; SRT = Tree layer species richness; SRS = Shrub layer species richness; SRH = Herb layer species 
richness; SRM = Moss layer species richness; SR1.1 = No. of species of class 1.1 (Schmidt et al. 2011): species with their main occurrence in closed forests; SR1.2 = No. of species of class 1.2 (Schmidt 
et al. 2011): species restricted to forest edges and clearings; SR2.1 = No. of species of class 2.1 (Schmidt et al. 2011): species occurring more or less equally often in forests and open habitats; SR2.2 
= No. of species of class 2.2 (Schmidt et al. 2011): species with their main occurrence in open habitats; SRO = No. of species of class O (Schmidt et al. 2011): species occurring in open habitats; T1cov 
= Coverage of the upper tree layer [%]; T2cov = Coverage of the lower tree layer [%]; Scov = Coverage of the shrub layer [%]; Hcov = Coverage of the herb layer [%]; Mcov = Coverage of the moss 
layer [%];EIV L = Ellenberg indicator value for light; EIV F = Ellenberg indicator value for soil moisture; EIV N = Ellenberg indicator value for soil nutrients. 
 
 Year 1996 2016     1996 2016     1996 2016     1996 2016     1996 2016     ANOVA 
 Group all all Trend p POOR_M Trend p POOR_UM Trend p RICH_M Trend p RICH_UM Trend p p 
N 79 79     36 36     7 7     20 20     16 16       
SRT 2.80 3.63 ↑ U<0.001 2.59 3.38 ↑ U<0.001 3.14 3.86 = 0.188 2.75 3.30 = U0.097 3.13 4.31 ↑ 0.003 0.421 
SRS 1.58 2.28 ↑ U<0.001 1.24 2.32 ↑ U<0.001 1.43 1.86 = 0.518 1.50 2.30 = 0.090 2.50 2.38 = 0.836 0.029 
SRH 23.49 22.87 = 0.545 17.57 19.03 = 0.228 14.71 14.43 = 0.865 30.55 31.00 = 0.841 32.00 25.50 ↓ 0.003 0.005 
SRM 3.44 3.25 = U0.388 3.16 2.41 = 0.079 2.29 2.00 = 0.802 3.05 4.30 = 0.187 5.19 4.50 = 0.489 0.060 
SR1.1 13.08 12.85 = 0.637 10.08 10.43 = 0.644 9.00 8.29 = 0.614 16.35 16.60 = 0.841 17.63 15.19 ↓ 0.038 0.101 
SR1.2 0.70 0.61 = U0.473  0.78 0.78 = U0.962 0.00 0.00 = Na 0.80 1.00 = 0.619 0.69 0.13 = U0.053 0.101 
SR2.1 9.53 9.04 = 0.388 6.62 7.46 = 0.158 5.71 6.00 = 0.802 13.10 12.70 = 0.841 13.31 9.81 ↓ 0.003 0.004 
SR2.2 0.19 0.29 = U0.373 0.08 0.27 = U0.222 0.00 0.14 = U0.518 0.30 0.45 = U0.465 0.38 0.38 = U1.000 0.852 
SRO 0.00 0.09 = U0.054 0.00 0.08 = U0.158 0.00 0.00 = Na 0.00 0.25 = U0.097 0.00 0.00 = Na 0.052 
T1cov 32.59 57.70 ↑ U<0.001 34.46 48.97 ↑ U<0.001 41.43 83.29 = 0.128 33.25 47.60 = 0.097 23.44 75.69 ↑ <0.001 <0.001 
T2cov 42.85 31.87 ↓ U0.022 40.95 41.24 = 0.962 42.86 16.71 = 0.457 40.00 30.10 = 0.174 50.00 17.06 ↓ <0.001 0.003 
Scov 2.63 15.03 ↑ U<0.001 2.70 17.41 ↑ U<0.001 3.00 10.71 = 0.187 2.55 16.00 ↑ U<0.001 2.56 12.06 ↑ 0.003 0.378 
Hcov 45.68 53.19 = 0.068 24.73 40.73 ↑ 0.011 14.86 28.57 = 0.457 70.50 71.95 = 0.841 74.38 72.19 = 0.589 0.106 
Mcov 0.95 0.68 = U0.068 0.16 0.68 ↑ U<0.001 0.29 0.71 = 0.457 0.45 0.55 = U0.313 3.63 0.81 = U0.115 0.106 
pH 3.66 3.65 = U0.376 3.13 3.36 ↑ <0.001 3.13 3.34 = 0.176 4.38 4.06 = 0.090 4.16 3.98 = 0.054 <0.001 
EIV L 4.48 4.53 = 0.294 4.60 4.71 = 0.134 4.17 4.35 = 0.518 4.43 4.58 = 0.090 4.41 4.24 = 0.054 0.024 
EIV F 5.55 5.60 = U0.388 5.29 5.47 ↑ 0.003 5.31 5.38 = 0.561 5.88 5.86 = 0.818 5.84 5.70 ↓ 0.017 0.664 
EIV N 5.45 5.47 = U0.796 4.77 5.01 ↑ 0.014 4.52 4.91 = 0.518 6.34 5.95 ↓ 0.009 6.27 6.16 = 0.242 0.664 
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Among the 22 herb layer species that showed a strong increase in frequency from 1996 to 2016 in 
either the whole forest or at least in one of the groups were twelve true forest species (class 1.1), eight 
open habitat and forest species (class 2.1) and one species each of class 2.2 and class O (Table 5-3). 
The species with the strongest increase across all plots were Ilex aquifolium, Carpinus betulus, Juncus 
effusus, Rubus fruticosus agg., Impatiens parviflora, Hedera helix and Lamium galeobdolon. In group 
POOR_M Circaea lutetiana and Carpinus betulus showed the strongest increase, while in group 
POOR_UM it were Lamium galeobdolon, Circaea lutetiana and Ranunculus ficaria. The species with 
the strongest increase in group RICH_M were Carpinus betulus, Ilex aquifolium, Hedera helix and Rubus 
fruticosus agg., in group RICH_UM Ilex aquifolium and Hedera helix. Among the 26 herb layer species 
that showed a strong decrease in frequency were 13 true forest species (class 1.1), twelve open habitat 
and forest species (class 2.1) as well as one forest edge species (class 1.2). The species with the 
strongest decrease in the whole forest were Geum urbanum, Carex sylvatica, Primula elatior, Galeopsis 
bifida and Festuca gigantea. In group POOR_M Moehringia trinervia, Sorbus aucuparia and Luzula 
pilosa showed the strongest decrease, in group POOR_UM a decrease in frequency was observed for 
Luzula pilosa, Carpinus betulus and Sorbus aucuparia. The species with the strongest decrease in group 
RICH_M were Carex sylvatica, Primula elatior, Geum urbanum and Cardamine pratensis. In group 
RICH_UM Galium aparine, Brachypodium sylvaticum, Geum urbanum showed the strongest decrease.  
Regarding the upper tree layer, Carpinus betulus and Fagus sylvatica showed the strongest increases 
in frequency in all groups. 
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Table 5-3. Herb layer species with pronounced changes in frequency (increase or decrease in five or more plots from 1996 
to 2016 in all plots or in at least one of the four types). Species groups (1.1 main occurrence in closed forests; 1.2 restricted 
to forest edges and clearings; 2.1 occurring in both forests and open habitats; 2.2 main occurrence in open habitats) and 
Ellenberg indicator values for light (EIV L) and moisture (F) and nutrients (N) are given. Frame = Increase or decrease in at 
least 25% of the plots in that type.  
 ∆ All 
∆ 
POOR_M 
∆ 
POOR_UM 
∆ 
RICH_M 
∆ 
RICH_UM 
Group EIV 
L 
EIV 
F 
EIV 
N 
No. of plots 79 36 7 20 16     
Increase          
Ilex aquifolium 20 2 0 10 9 1.1 4 5 5 
Carpinus betulus 19 9 -2 15 -3 1.1 4 - - 
Juncus effusus 13 7 0 5 0 2.1 8 7 4 
Rubus fruticosus agg. 12 5 1 7 -1 2.1 - - 5 
Impatiens parviflora 11 5 0 2 4 1.1 4 5 6 
Hedera helix 10 -1 -1 9 4 1.1 4 5 - 
Lamium galeobdolon 10 7 3 -1 1 1.1 3 5 5 
Impatiens noli-tangere 9 4 0 2 3 1.1 4 7 6 
Pseudotsuga menziesii 9 4 1 3 1 1.1 - - - 
Dactylis glomerata 7 2 1 1 3 2.2 7 5 6 
Hypericum maculatum 7 2 0 5 0 O 8 6 2 
Ranunculus ficaria 6 4 2 0 0 2.1 4 6 7 
Acer pseudoplatanus 5 1 -1 1 4 2.1 4 6 7 
Fraxinus excelsior 5 5 1 -3 2 2.1 4 - 7 
Galium palustre 5 1 0 3 0 2.1 - - 4 
Scrophularia nodosa 5 2 0 2 1 2.1 4 6 7 
Adoxa moschatellina 5 3 0 -2 4 1.1 5 6 8 
Stachys sylvatica 5 6 0 -2 1 1.1 4 7 7 
Veronica montana 5 1 0 2 2 1.1 4 7 6 
Glechoma hederacea 4 6 1 0 -3 2.1 6 6 7 
Circaea lutetiana 3 10 2 -4 -5 1.1 4 6 7 
Chrysosplenium alternifolium 3 0 0 5 -2 1.1 4 8 5 
          
Decrease          
Geum urbanum -16 1 0 -8 -9 2.1 4 5 7 
Carex sylvatica -16 0 -1 -11 -4 1.1 2 5 5 
Primula elatior -15 0 0 -10 -5 1.1 6 6 7 
Galeopsis bifida -13 -8 0 -4 -1 2.1 7 5 6 
Festuca gigantea -13 0 0 -7 -6 1.1 4 7 6 
Luzula pilosa -12 -10 -4 5 -3 1.1 2 5 4 
Cardamine pratensis -11 0 0 -8 -3 2.1 4 6 - 
Brachypodium sylvaticum -11 1 0 -3 -9 1.1 3 5 6 
Moehringia trinervia -11 -12 -1 2 -1 1.1 4 5 7 
Sorbus aucuparia -10 -10 -2 6 -3 2.1 6 - - 
Galium aparine -10 -1 0 0 -9 2.1 7 - 8 
Sanicula europaea -10 0 0 -5 -5 1.1 4 5 6 
Geranium robertianum -9 2 0 -4 -7 2.1 5 - 7 
Ranunculus auricomus -9 0 0 -4 -5 2.1 5 - - 
Athyrium filix-femina -9 -4 0 -1 -4 1.1 3 7 6 
Polygonatum multiflorum -9 -6 -1 0 -1 1.1 2 5 5 
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Maianthemum bifolium -8 -5 -1 2 -3 1.1 3 5 3 
Carex remota -8 2 0 -6 -4 1.1 3 8 - 
Viola reichenbachiana -7 -2 0 -4 -1 1.1 4 5 6 
Euonymus europaeus -6 -2 -1 -2 -1 2.1 6 5 5 
Oxalis acetosella -6 -5 -1 0 0 1.1 1 5 6 
Poa trivialis -3 3 1 -2 -5 2.1 6 7 7 
Urtica dioica -3 4 0 -2 -5 2.1 - 6 8 
Quercus robur  -2 2 0 5 -8 2.1 7 - - 
Ranunculus repens -1 5 0 0 -6 2.1 6 7 7 
Cardamine flexuosa 0 3 0 1 -5 1.2 6 8 5 
 
 
3.2 Drivers of compositional shift 
The DCA ordination shows a differentiation along axis 1 into groups characterized by the vegetation 
type rather than by year (Fig. 5-23). Plots of group RICH were arranged in the left hand side of the 
diagram, whereas plots of group POOR were predominantly arranged in the right hand side of the 
diagram. In both vegetation types the unmanaged plots are arranged towards higher values of axis 2 
than the managed plots. A clear separation of the plots by year is only visible in group RICH plots, which 
showed a directed compositional shift towards group POOR plots from 1996 to 2016 (Fig. 5-23), 
accompanied by decreasing water and nutrient supply (Fig. 5-16). In group POOR plots on the other 
hand, no directed compositional shift over the 20 years can be seen, instead a separation by 
management type is visible here (Fig. 5-23). This separation by management type is less pronounced 
in group RICH, indicating that the more important driver of changes here is the decreasing water 
supply, which resulted in a directed compositional shift towards group POOR plots. The DCA of the 
plots of group RICH revealed that axis 1 was negatively correlated with EIV N and pH and positively 
correlated with year and upper tree layer coverage, while axis 2 was negatively correlated with EIV L, 
EIV F and shrub layer coverage (Fig. 5-24). The DCA of the plots of group POOR showed that axis 1 was 
negatively correlated with EIV L and EIV F and axis 2 was positively correlated with EIV N (Fig. 5-25). 
The diagram also showed the separation according to the management type along axis 1. 
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Fig. 5-23. Detrended Correspondence Analysis (DCA) of 79 forest plots analysed in 1996 (yellow for type A and orange for 
type RICH) and 2016 (light blue for type A and dark blue for type RICH) divided in the four types POOR_UM (filled dot), 
POOR_M (empty dot), RICH_UM (filled dot), RICH_M (empty dot). The centroids of the eight groups are presented. 
Eigenvalues: axis 1 – 0.508, axis 2 – 0.271; gradient lengths: axis 1 – 4.054, axis 2 – 3.191. 
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Fig. 5-24. DCA of the 36 forest plots of group RICH analysed in 1996 (yellow) and 2016 (blue) divided in managed (M; empty 
dot) and unmanaged (UM; filled dot). Eigenvalues: axis 1 – 0.282, axis 2 – 0.193; gradient lengths: axis 1 – 2.935, axis 2 – 
2.419. Environmental variables and Ellenberg indicator values were fitted post-hoc onto the plot positions in the ordination 
diagram. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-25. DCA of the 43 forest plots of group POOR analysed in 1996 (yellow) and 2016 (blue) divided in managed (M; empty 
dot) and unmanaged (UM; filled dot). Eigenvalues: axis 1 – 0.307, axis 2 – 0.291; gradient lengths: axis 1 – 3.948, axis 2 – 
3.049. Environmental variables and Ellenberg indicator values were fitted post-hoc onto the plot positions in the ordination 
diagram. 
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The PCA diagram showed a separation of plots according to their vegetation type along axis 1: plots of 
group POOR were arranged in the right hand side of the diagram and plots of group RICH were 
arranged in the left hand side (Fig. 5-26.). Along axis 2 there was a separation according to the 
management type: plots of group M are situated mainly in the upper part, plots of group UM more in 
the lower part of the diagram. The change in abundance of Primula elatior, Glechoma hederacea, 
Ranunculus ficaria, Circaea lutetiana, Stachys sylvatica, Geum urbanum among others was correlated 
with axis 1, meaning that these species decreased in group RICH, while Rubus idaeus, Carpinus betulus, 
Juncus effusus, R. fruticosus agg. showed a correlation with axis 2, meaning that those species 
increased in group M. Axis 1 was negatively correlated with pH as well as EIV N and F and positively 
Đoƌƌelated ǁith ΔpH, ΔEIV N, ΔEIV F aŶd the Đoǀeƌ of the uppeƌ tƌee laǇeƌ ;TϭĐoǀͿ. Aǆis Ϯ ǁas positiǀelǇ 
Đoƌƌelated ǁith ΔEIV L aŶd ŶegatiǀelǇ Đoƌƌelated ǁith ΔTϭĐoǀ aŶd height of the uppeƌ tƌee laǇeƌ ;H_TϭͿ.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-26. Principal Components Analysis (PCA) for Δ abundances (abundance species X in 2016 – abundance species X in 
1996) of all species of the herb layer. Only species vectors correlated with the axes (R²>0.3) are displayed. The plots were 
grouped into the four groups POOR_M (dark blue), POOR_UM (light blue), RICH_M (dark red), RICH_UM (orange). Mean 
unweighted EIV, the cover values of the upper tree and shrub layers, pH and the variable group were fit post-hoc onto the 
plot positions in the diagram. Eigenvalues: axis 1 – 12.821, axis 2 – 6.298, proportion explained: axis 1 – 0.193, axis 2, 0.095. 
A diagram with only the species vectors can be found in Appendix C3. 
Chapter 5 – Oak-hornbeam forest - unmanaged and managed stands 
 
123 
 
3.3 Drivers of change in species richness 
Multiple liŶeaƌ ƌegƌessioŶ ŵodelliŶg ƌeǀealed that ΔSR Đould ďest ďe eǆplaiŶed ďǇ ∆pH (positive effect) 
and ∆T1cov (negative effect, Table 5-4). No other variable – including the factor group remained in the 
final model. Single models revealed that the CN ƌatio as ǁell as potassiuŵ had a Ŷegatiǀe effeĐt oŶ ∆SR 
in models together with group (Table 5-5Ϳ. TestiŶg the siŶgle effeĐt of pH, P, Ca aŶd Mg oŶ ∆SR ƌeǀealed 
Ŷo sigŶifiĐaŶt ƌesults, ∆SR ǁas ƌatheƌ ƌelated to the ǀaƌiable group in these cases. The model with the 
interaction term group was in none of the cases the best fit model. 
Table 5-4. Relationship between the change in species richness (∆SR) and explanatory variables as obtained by generalized 
linear modelling with backward selection of variables (Gaussian error distribution). Properties of the final model are shown. 
The sign of the t statistic shows if the relationship with the response variable was negative or positive. The explanatory 
variables are: ∆TϭĐoǀ aŶd ∆pH. MĐ FaddeŶ͛s R² is shoǁŶ.  
 ∆SR 
 t p 
∆pH 4.981 <0.001 
∆T1cov -5.584 <0.001 
R2  0.382 
 
 
Table 5-5.  Relationships between the change in species richness (∆SR) and explanatory variables (X = P, Ca, Mg, K, C/N, 
pH, ΔpH, T1cov, ΔT1cov, ΔEIV F, ΔEIV L and ΔEIV N, group (factor combining type and management)) as obtained by linear 
modelling. Five models were compared for each variable using BIC ΔSR~1, ΔSR~group, ΔSR~X, ΔSR~group+X, ΔSR~group*X. 
Properties of the best fit models are shown. The sign of the Estimate shows if the relationship with the response variable was 
negative or positive. R² as well as the model estimates are shown. The results of the models with the interaction term were 
in no case significant and are therefore not shown in the table.  
 
 
X  
Reference for 
variable group: 
Group POOR_UM Coefficient for X Group POOR_M Group RICH_UM Group RICH_M 
 R² Estimate Estimate p Estimate p Estimate p Estimate p 
ΔpH 0.14 -0.855 7.143 <0.001 - - - - - - 
ΔEIV F 0.235 -1.482 14.948 <0.001 - - - - - - 
ΔEIV N 0.045 -0.870 3.258 0.034 - - - - - - 
ΔEIV L 0.12 -1.279 8.693 0.001 - - - - - - 
T1cov 0.158 6.634 -0.129 <0.001 - - - - - - 
ΔTϭĐoǀ 0.191 2.441 -0.130 <0.001 - - - - - - 
C/N 0.16 23.886 -1.322 0.037 -0.024 0.994 -10.726 0.005 -4.161 0.251 
K 0.169 3.176 -0.273 0.023 2.513 0.403 -7.843 0.018 -0.268 0.932 
pH 0.12 0.143 - - 1.163 0.701 -6.830 0.042 -0.393 0.903 
P 0.12 0.143 - - 1.163 0.701 -6.830 0.042 -0.393 0.903 
Ca 0.12 0.143 - - 1.163 0.701 -6.830 0.042 -0.393 0.903 
Mg 0.12 0.143 - - 1.163 0.701 -6.830 0.042 -0.393 0.903 
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4. Discussion  
4.1 Temporal dynamics in the entire forest 
Across the entire Hasbruch forest, the upper tree and shrub layer coverage as well as the tree layer 
species richness have increased over the past 20 years, mainly attributed to an increase in the coverage 
(due to age) and frequency of Fagus sylvatica and Carpinus betulus. Schmidt (2000) stated that Fagus 
sylvatica was the most competitive tree species in the Hasbruch forest already 20 years ago. He 
predicted the development of the Hasbruch forest towards a Fagus sylvatica-rich forest, which is in 
line with our findings.  All the other trends were group-specific, meaning that changes were either 
management- and/or vegetation type-specific. 
4.2 Management-specific dynamics 
Shrub layer species richness as well as EIV L increased significantly only in the managed plots (POOR_M, 
RICH_M), while they remained constant or decreased in the unmanaged plots. The herb layer species 
that showed an increase in frequency in the managed plots independently of the vegetation type 
responded positively to disturbance, such as Carpinus betulus, Juncus effusus, Rubus fruticosus agg. 
and Hypericum maculatum, which is likely an effect of the disturbances by management operations. 
PCA ordination also revealed Carpinus betulus, Juncus effusus and Rubus fruticosus agg. as species with 
a strong increase in abundance in the managed plots. Heinrichs & Schmidt (2009) also found an 
increase in Juncus effusus and Rubus fruticosus agg. after management operations in a German forest. 
Some of the increasing species have also high EIV L values (e.g. Juncus effusus and Hypericum 
maculatum EIV 8), which can explain the (marginal) increase of EIV L. There were just two species that 
showed a decrease in frequency in only the managed groups: Galeopsis bifida and Viola 
reichenbachiana, which is surprising, since Galeopsis bifida is a light-demanding species associated 
with human disturbances. The general increase in upper tree layer coverage was more pronounced in 
the unmanaged stands, which is probably a result of the cessation of management in some parts just 
before the first investigation. Canopy cover increase as consequence of decreasing management 
intensity has been found in other study regions in Europe (Verheyen et al. 2012). The significant 
decrease in the coverage of the lower tree layer (T2) probably also contributed to the increase in upper 
tree layer coverage with trees growing from the lower into the upper tree layer.  
4.3 Vegetation type-specific dynamics 
The plots of group POOR_M showed a significant increase in EIV N as well as of EIV F, probably 
attributed to increased eutrophication, which can result from the high deposition of airborne N (annual 
N depositioŶ iŶ the HasďƌuĐh foƌest Ϯϴ kg ∙ ha−ϭ ∙ Ǉeaƌ−1; https://gis.uba.de/website/depo1/; accessed 
23 Oct 2018). Increasing EIV N caused by N deposition have been found in several other studies of 
forests in Europe (Hédl et al., 2010; Perring et al., 2018; Verheyen et al. 2012; Verstraeten et al. 2013). 
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However, we observed this change only in the plots of group POOR. The plots of the richer vegetation 
type (group RICH) instead showed a decrease in EIV N. The explanation that the effects of increasing 
N deposition may be obscured by decreasing canopy openness given by Verheyen et al. (2012) cannot 
be applied here, since the upper tree layer coverage increased significantly in all groups. Bernhardt-
Römermann et al. (2015) and Strubelt et al. (2017) also found less pronounced effects of airborne N in 
richer forest communities. Bernhardt-Römermann et al. (2015) hypothesized that in richer forest 
communities nitrogen-induced changes had probably already occurred before the first survey. Strubelt 
et al. (2017) stated that in areas with already high N availability increased N deposition is likely to have 
negligible effects. For the Hasbruch forest we believe that a decreased water supply is the reason for 
the observed changes in group RICH, since also the pH values in plots of group RICH as well as EIV F in 
group RICH_UM decreased significantly. Since the ground water contains high amounts of dissolved 
nutrients here (particularly Ca++, Mg++), a decreased water supply is associated with decreasing pH 
values as well as lower nutrient supply (Hastedt 2009). The reason for the decreased water supply 
might be a lowering of the groundwater level and also the drainage measures in the Hasbruch and 
surrounding areas that are still functioning, even though they are no longer maintained (Hastedt 2009). 
While the pH value decreased significantly in the richer forest community, it increased significantly in 
the plots of group POOR. The increase could be interpreted as a recovery after soil acidification 
resulting from sulphur dioxide and nitrogen oxide emissions. Soil acidification has affected European 
soils strongly up to the 1990s, after which sulphur deposition decreased rapidly due to emission control 
(Bowman et al. 2002; de Vries et al. 2014; Hédl et al. 2011). Nitrogen deposition, however, decreased 
only slightly and is still affecting the soils (de Vries et al. 2014). An increase in the soil pH as result of 
decreasing sulphur emissions is a general trend in German forest soils (Bundesministerium für 
Ernährung und Landwirtschaft 2018) and has also been found in other forests in Europe (Vanguelova 
et al. 2010; Johnson et al. 2013; Johnson et al. 2018).  
The increase in herb layer coverage in the plots of group POOR is probably also a result of 
eutrophication due to increased light availability, increased pH values and possibly additional N 
deposition which results in better growth of plant species (Verheyen et al. 2012). Consistently, in the 
plots of group RICH the herb layer coverage remained more or less constant, because N deposition 
was overruled by the effects of drainage and decreasing pH values.  
Species that decreased in frequency over the past 20 years in the richer vegetation type independently 
of the management type were particularly water- and/or nutrient-demanding species (such as Primula 
elatior, Carex remota, Festuca gigantea, Geum urbanum, Sanicula europaea, Circaea lutetiana and 
Carex sylvatica), also indicating the decreasing water level. PCA ordination results support these 
findings. They also revealed water- and nutrient-demanding species to be decreasing in their 
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abundance in plots of group RICH (such as Ranunculus repens, Urtica dioica, Stachys sylvatica, Circaea 
lutetiana, Geranium robertianum, Glechoma hederacea, Ranunculus auricomus and Ranunculus 
repens). Species with a strong increase in frequency in plots of group RICH independently of the 
management type from 1996 to 2016 were the two evergreen species Ilex aquifolium and Hedera helix. 
The increase of these evergreen species as climate change indicators is consistent with other studies 
(Diekmann 2010; Dierschke 2005; Heinrichs & Schmidt 2015; Strubelt et al. 2017). Hedera helix can be 
seeŶ as oŶe of the ĐuƌƌeŶt ͞ǁiŶŶeƌ-speĐies͟, as it ďeŶefits fƌoŵ Đliŵate ĐhaŶge ;iŶĐƌeasiŶg 
temperature, decreasing snow cover) and N deposition (Heinrichs & Schmidt 2015). Diekmann (2010) 
also states that pƌoďaďlǇ Ŷitƌophilous aŶd theƌŵophiliĐ speĐies ǁill ďe the futuƌe ͞ǁiŶŶeƌ-speĐies͟ iŶ 
Central European forest under the given circumstances. Species that increased in frequency over the 
past 20 years in the plots of group POOR independently of the management type were relatively 
thermophilic and nitrophilous species: Lamium galeobdolon (EIV T 5, N 5), Ranunculus ficaria (EIV T 5, 
N 7) and Circaea lutetiana (EIV T 5, N 7). Species with a decrease in frequency only in plots of group 
POOR were Luzula pilosa, Moehringia trinervia, and Sorbus aucuparia. Luzula pilosa is known as 
indicator species of nutrient-poor, acid mineral soils (Reger et al. 2014). Species typical of nutrient-
poor soils usually have special strategies to deal with the nutrient shortage, whereas on nutrient richer 
soils they are outcompeted (Reger et al. 2014). The decrease in Luzula pilosa in the plots of group 
POOR might be a result of increasing eutrophication of the nutrient-poor, less ground-water influenced 
sites in the Hasbruch forest. This explanation, however, does not apply for Moehringia trinervia, which 
has a EIV N of 7. The reason for the decrease in Sorbus aucuparia regeneration also is unknown to us, 
since the species occurs in a wide range of habitats, can deal with nutrient-poor as well as nutrient-
richer soils and the seedlings are shade-tolerant (Raspé et al. 2000). Possibly, it is a result of a higher 
light availability on the forest ground due to lower tree layer coverage in 1996.  
4.4 Group-specific dynamics (interactions between vegetation and management type)  
The strongest changes happened in the unmanaged stands of group RICH, which is in line with the 
findings of Plue et al. (2013). Species richness as well as EIV L and F decreased significantly, indicating 
that those stands have become drier and darker, which resulted already in a loss of species richness. 
A decrease in species richness particularly in unmanaged stands has also been found in other studies 
(Fischer et al. 2009; Mölder et al. 2014; Schmidt 2005). Species that showed a strong decrease in 
frequency in plots of group RICH_UM included water-, nutrient- and light-demanding species, such as 
Galium aparine, Ranunculus repens, Cardamine flexuosa, Poa trivialis, Urtica dioica and Quercus robur 
regeneration, indicating that in these plots both environmental trends - decreasing water level and 
decreasing light availability – have relevant effects. Species with a strong increase in frequency in this 
group were the two evergreen species Ilex aquifolium and Hedera helix as well as the neophyte 
Impatiens parviflora and also Acer pseudoplatanus regeneration and Adoxa moschatellina.   
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The darker conditions were a result of the increase in the frequency and coverage of the tree species 
Fagus sylvatica. Fagus sylvatica is the most competitive tree species in the Hasbruch forest and is even 
more competitive on soils with less base supply (Schmidt 2000). Drier soils in the Hasbruch forest thus 
support the increase of Fagus sylvatica. 
4.5 Drivers of changes in species richness 
The most important variables explaining the change in species richness were the change in pH as well 
as the change in upper tree layer coverage. The higher the increase in pH, the higher is the increase in 
species richness. The general relationship between species richness and soil pH is positive on acidic or 
less acidic soils (up to a pH value of around 5-6; Dumortier et al. 2002; Schuster & Diekmann 2005) and 
becomes negative on soils with higher pH values (Peppler-Lisbach & Kleyer 2009; Strubelt et al. 2017), 
indicating a unimodal relationship. Since the pH values in the Hasbruch forest range from 3 to 5.2, we 
expected the relationship of soil pH and species richness to be positive. To our knowledge, the 
ƌelatioŶship ďetǁeeŶ ΔpH aŶd ΔSR has Ŷot ďeeŶ aŶalǇsed ďefoƌe. DeĐƌeasiŶg pH-values almost only 
occurred in plots of group RICH, while plots of group POOR showed in most cases an increase. Since 
the pH value is likely an indicator of the water supply here, this result again underlies the strong effect 
of the decreasing water level on species richness and composition. The higher the increase in upper 
tree layer coverage, the higher is the decrease of species richness. Increase of tree layer coverage 
results in decreased light supply on the forest ground, which is known to cause a decrease of plant 
species richness (Becker et al. 2017; Fischer et al. 2009; Mölder et al. 2014; Schmidt & Schmidt 2007). 
These relationships were true for the entire forest without group-specific effects.  
Single models revealed that in no case the group variable had a significant effect as an interaction term 
oŶ the ƌelatioŶship ďetǁeeŶ ΔSR aŶd the tested ǀaƌiaďles, iŶdiĐatiŶg that the ŵeŶtioŶed dƌiǀers of 
changes in species richness are neither management-type-dependent nor vegetation-type-dependent. 
The gƌoup ǀaƌiaďle ;ĐoŵďiŶiŶg ŵaŶageŵeŶt aŶd ǀegetatioŶ tǇpeͿ itself had a sigŶifiĐaŶt effeĐt oŶ ΔSR. 
Increases in EIV L, EIV F and EIV N had positive effects on the increase in species richness group-
iŶdepeŶdeŶtlǇ. The positiǀe effeĐt of iŶĐƌeasiŶg EIV F oŶ ΔSR also iŶdiĐates the iŵpoƌtaŶĐe of ǁateƌ as 
a driver, as described above.  The C/N ratio as well as the K content both had negative effects on the 
increase in species richness together with the group variable as co-variable.  
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5. Conclusions – most important trends and drivers 
The changes in species richness and composition and their drivers strongly depended on the vegetation 
type. While in the richer vegetation type the decreased water supply and decreased pH were the most 
important factors, management system and eutrophication played major roles in the poorer 
vegetation type. The strongest changes were detected in the unmanaged stands of the richer 
community. Here decreased light availability played an additional role and caused a strong decrease 
in species richness as well as significant changes in species composition. Especially water- and nutrient-
demanding species were prone to these effects. Whereas plots of the richer vegetation type showed 
a directed compositional shift, plots of the poorer vegetation type did not show systematic changes. 
However, managed and unmanaged plots were more different from each other in the poorer 
vegetation type, indicating that light is a more important driver here. Interestingly, increased 
eutrophication only showed effects in the poorer community. Also a recovery of soil acidification was 
found in the poorer vegetation type. In the richer vegetation type soil pH decreased as an effect of the 
decreased water supply.  
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Appendices 
Appendix C1. Abundance (Braun-Blanquet cover-abundance values) of all species in the different 
layers (tree, shrub, herb) in the 79 semi-permanent plots in the Hasbruch forest investigated in 1996 
and 2016. 
Appendix C2. Abiotic parameters of the 79 semi-permanent plots in the Hasbruch forest: Soil pH (pH), 
contents of the soil nutrients: plant available phosphorus (P), magnesium (Mg), calcium (Ca), 
potassium (K), C/N ratio (C/N). All parameters were measured in 2016. 
Appendix C3. Principal ComponeŶts AŶalǇsis ;PCAͿ foƌ Δ aďuŶdaŶĐes ;aďuŶdaŶĐe speĐies X iŶ ϮϬϭϲ – 
abundance species X in 1996) of all species of the herb layer of the 79 plots in the Hasbruch forests. 
Only species vectors correlated with the axes (R²>0.3) are displayed. Eigenvalues: axis 1 – 12.821, axis 
2 – 6.298, proportion explained: axis 1 – 0.193, axis 2, 0.095. Only species vectors are shown in this 
diagram (additional to the triplot in Fig. 5-18). 
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Drivers of changes in vascular and bryophyte species 
richness and composition in Acidophilous oak forests in 
NW Germany over 24 years 
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  Fig. 6-1. Acidophilous oak forest in Lower Saxony, Germany (ca. 10 km west of Lüneburger Heide). Nutrient-poor type (BQ1) of Betulo-Quercetum with Quercus robur, Pinus sylvestris and Betula pendula. Picture taken by Ilka Strubelt. 
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Impressions of the study area 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6-2. Acidophilous oak forest in Lüneburger Heide, Lower Saxony, Germany. Nutrient-poor (BQ1) type of Betulo- 
Quercetum with older trees of Quercus petraea. Picture taken by Ilka Strubelt. 
Fig. 6-3.  Acidophilous oak forest in Lower Saxony, Germany ;Ŷatuƌe ĐoŶseƌǀatioŶ aƌea ͞EiĐheŶkƌattǁäldeƌ ďei BeƌeŶsĐh͟,  
ca. 6 km southwest of Cuxhaven). Nutrient-richer type (BQ3) of Betulo-Quercetum with Quercus robur, Lonicera periclymenum 
and Prunus serotina. Picture taken by Ilka Strubelt. 
Chapter 6 – Acidophilous oak forests 
 
137 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6-4. Acidophilous oak forest in Lower Saxony, Germany (between Papenburg and the German Dutch border). Nutrient-
richer type (BQ3) of Betulo-Quercetum with Quercus robur and Betula pendula in the tree and Dryopteris dilatata in the 
herb layer. Picture taken by Ilka Strubelt. 
Fig. 6-5. Young oak trees and Ilka Strubelt in an Acidophilous oak forest in Lower Saxony, Germany (ca. 10 km south of Uelzen). 
Nutrient-poor type (BQ1) of Betulo-Quercetum with Quercus robur and Picea abies. Picture taken by Vanessa Gräpel. 
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Figs. 6-6 – 6-14. Plants of the Acidophilous oak forests. 6-6. Polytrichum formosum; 6-7. Deschampsia flexuosa and 
Melampyrum pratense; 6-8. Polytrichum formosum and Leucobryum glaucum; 6-9. Polypodium vulgare; 6-10: Rubus 
idaeus; 6-11. Vaccinium vitis-idaea and Vaccinium myrtillus; 6-12. Vaccinium myrtillus; 6-13. Vaccinium myrtillus;  
6-14. Melampyrum pratense and Vaccinium myrtillus. Pictures taken by Ilka Strubelt.  
6-6 6-7 
6-8 6-9 
6-10 6-11 
6-12 6-13 6-14 
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Abstract 
Aim: Since Acidophilous oak forests host a high diversity of particularly bryophyte and lichen species 
and are highly endangered, it is necessary to study and understand the interactions between these 
systems and environmental changes. We aim to answer the following questions: (1) How have species 
richness and composition changed in Acidophilous oak forests in NW Germany over 24 years? (2) What 
are the drivers of changes for a) vascular and b) bryophyte and lichen species? (3) Do the former 
management practices still have an effect on the species composition? (4) Does the N deposition have 
an effect on the species composition? (5) Which are the winner and which are the loser species? 
Location: Acidophilous oak forests on nutrient-poor, mostly sandy soils without groundwater influence 
in the lowlands of Lower Saxony, Germany (N-S 52°21'17.1"N - 53°48'55.2"N and W-E 7°14'31.0"E - 
11°01'14.7"E). 
Methods: In 2014/2015 we resurveyed the vascular plant, bryophyte and lichen species composition 
of 56 quasi-permanent plots first recorded in 1990/1991. Trends in herb and bryophyte species 
composition as well as drivers of changes were analysed using DCA, t-test and Wilcoxon-test.  
Results: The winner species in the studied Acidophilous oak forest were particularly N-indicator 
species, evergreen species and shadow-tolerant species (such as Ilex aquifolium, Hedera helix, 
Dryopteris carthusiana and Urtica dioica). The loser species, instead, were almost all lichen and 
bryophyte species (except e.g. the ubiquistic bryophyte Brachythecium rutabulum) and particularly 
species depending on open soils, indicator species for nutrient-poor soils and relatively light-
demanding species (such as Galium saxatile, Trientalis europaea, Holcus mollis and Carex pilulifera). 
Lichens almost completely disappeared. While in 1990 seven different species of lichens were found 
in different plots, in 2014 only one small patch of one lichen species was found in one plot (Cladonia 
pyxidata). The cover of the shrub layer increased, whereas the herb and moss layer coverage 
decreased. EIV N increased strongly over the studied period.  
Conclusions: The major drivers of the change in species richness and composition were the change in 
the nutrient system (abandonment of tree litter raking as well as eutrophication by N deposition) and 
the change in the management system (from coppicing to high forest management). Climate change 
might also have played an underlying role. Contrary to other studies, competition between vascular 
plants and bryophytes as well as between bryophytes and lichens did not play a role in this study. 
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Zusammenfassung 
Fragestellungen: Bodensaure Eichenwälder beherbergen eine hohe Vielfalt an Moos- und 
Flechtenarten und sind stark gefährdete Ökosysteme. Daher ist es von hoher Bedeutung, die 
Reaktionen dieser Wälder auf Veränderungen in Umwelt und Management zu verstehen. Mit dieser 
Untersuchung sollen die folgenden Fragen beantwortet werden: (1) Wie haben sich Artenvielfalt und 
Artenzusammensetzung in bodensauren Eichenwäldern des nordwestdeutschen Tieflandes in 24 
Jahren verändert? (2) Was sind die Treiber für Veränderungen in a) Arten der Krautschicht und b) Arten 
der Moosschicht? (3) Wirken sich die früheren Managementpraktiken immer noch auf die 
Zusammensetzung der Arten aus? (4)  Haben die Stickstoffeinträge einen Effekt auf die 
Artenzusammensetzung? (5) Welche Arten sind Gewinner und welche Verlierer? 
Untersuchungsgebiet: Bodensaure Eichenwälder auf nährstoffarmen, sandigen Böden ohne 
Grundwassereinfluss im nordwestdeutschland Tiefland (N-S 52°21'17.1"N - 53°48'55.2"N and W-E 
7°14'31.0"E - 11°01'14.7"E). 
Methoden: In den Jahren 1990/91 und 2014/15 wurde auf 56 quasi-permament plots die 
Artenzusammensetzung von Gefäßpflanzen, Moosen und Flechten untersucht. Veränderungen in der 
Zusammensetzung der Kraut- und der Moosschicht sowie Treiber für Veränderungen wurden mit 
DCAs, t-Tests und Wilcoxon-Tests analysiert. 
Ergebnisse: Die Gewinnerarten in den untersuchten bodensauren Eichenwäldern waren haupstächlich 
stickstoffzeigende, immergrüne und schattentolerante Arten wie z.B. Ilex aquifolium, Hedera helix, 
Dryopteris carthusiana und Urtica dioica. Die Verliererarten waren fast alle Flechten- und Moosarten 
(außer dem Ubiquisten Brachythecium rutabulum) und außerdem Arten, die auf offenen Boden 
und/oder Licht angewiesen sind (wie z.B. Galium saxatile, Trientalis europaea, Holcus mollis und Carex 
pilulifera). Flechten sind fast vollständig verschwunden. Während in 1990/91 noch sieben 
verschiedene Arten auf verschiedenen Flächen gefunden werden konnten, war es 2014/15 nur noch 
eine Flechte in einer Fläche (Cladonia pyxidata). Die Deckung der Strauchschicht nahm stark zu, 
während die Deckungswerte der Kraut- und der Kryptogamenschichten abnahmen. Die Stickstoffzahl 
nach Ellenberg et al. (1992) nahm stark zu über den untersuchten Zeitraum.  
Schlussfolgerungen: Die wichtigsten Treiber für Veränderungen der Artenvielfalt und –
zusammensetzung waren zum einen die Veränderung im Nährstoffhaushalt (durch die Aufgabe der 
Streunutzung und die Eutrophierung durch Stickstoffdepositionen) und zum anderen die Veränderung 
im Managementsystem (Ablösung der Nieder- und Mittelwaldwirtschaft durch Hochwaldwirtschaft). 
Der Klimawandel könnte auch eine Rolle für die beobachteten Veränderungen spielen. Im Gegensatz 
Chapter 6 – Acidophilous oak forests 
 
141 
 
zu anderen Untersuchungen spielte die Konkurrenz zwischen Gefäßpflanzen und Moosen und 
zwischen Flechten und Moosen hier keine Rolle. 
Keywords 
Acidophilous; Betulo-Quercetum; Bryophytes; Eutrophication; Lichens; Oak forest; Quercus; Species 
richness; Litter raking; Vegetation resurvey 
Abbreviations 
BQ1 = Betulo-Quercetum, poorer type 
BQ2 = Betulo-Quercetum, intermediar type 
BQ3 = Betulo-Quercetum , richer type 
SR = Total species richness 
SRH = Herb layer species richness 
SRM = Moss species richness 
SRL = Lichen species richness  
SRML = Moss layer species richness (SRM+SRL) 
SRH1.1 = No. of species of class 1.1 (Schmidt et al. 2011): species with their main occurrence in 
closed forests 
SRH1.2 = No. of species of class 1.2 (Schmidt et al. 2011): species restricted to forest edges and 
clearings 
SRH2.1 = No. of species of class 2.1 (Schmidt et al. 2011): species occurring more or less equally often 
in forests and open habitats 
SRH2.2 = No. of species of class 2.2 (Schmidt et al. 2011): species with their main occurrence in open 
habitats 
SRHO = No. of species of class O (Schmidt et al. 2011): species occurring in open habitats 
Tcov = Coverage of the tree layer [%] 
T1cov = Coverage of the upper tree layer [%] 
T2cov = Coverage of the lower tree layer [%]  
Scov = Coverage of the shrub layer [%] 
Hcov = Coverage of the herb layer [%]  
Mcov = Coverage of the moss layer [%] (bryophytes and lichens) 
EIV L = Ellenberg indicator value for light  
EIV T = Ellenberg indicator value for temperature  
EIV K = Ellenberg indicator value for continentality  
EIV F = Ellenberg indicator value for soil moisture 
EIV R = Ellenberg indicator value for reaction 
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EIV N = Ellenberg indicator value for soil nutrients 
ΔSRH = Delta herb layer species richness 
ΔSRML = Delta moss layer species richness (bryophytes and lichens) 
Nomenclature 
Garve (2004) for vascular plants 
Koperski (2011) for bryophytes 
Wirth et al. (2011) for lichens 
 
1. Introduction 
Large parts of the lowlands of NW Germany are characterized by sandy, nutrient-poor and dry soils. 
The potential natural vegetation of these areas would primarily be Fagus sylvatica-forests (Härdtle et 
al. 2004; Kaiser & Zacharias 2003). However, due to thousands of years of anthropogenic influence 
mixed oak forests inhabit many of these sites (Ellenberg & Leuschner 2010; Härdtle et al. 2004). Early 
settlers used oak trees for feeding their livestock with acorns, utilized the oak timber for building 
houses and ships and planted oak trees to cover their future demand. Thereby the settlers influenced 
the tree species composition of the forests (Ellenberg & Leuschner 2010). The lowland forests of NW 
Germany have particularly been used as coppices and for tree litter raking (Heinken 1995, 2019). Tree 
litter raking is a form of land use where large amounts of biomass and thus, nutrients are removed 
from the forest floor in order to use it as bedding for farm animals and subsequently as a fertilizer for 
agriculture (Glatzel 1991). These management measures led to a regular removal of nutrients and thus, 
to degradation of the soils (Heinken 1995; Härdtle et al. 2004; Vild et al. 2015). The resulting forest 
community confirms to Betulo-Quercetum (Acidophilous oak forests on sandy plains with mainly 
Quercus robur, Q. petraea and Betula pendula; habitat type 9190 after the European Union Habitats 
Directive), which is characterised by a high amount of indicator species for nutrient-poor soils, 
indicator species for acidic soils as well as a high diversity of bryophytes and lichens, which rely on 
mineral soil without a large amount of humus (Ellenberg & Leuschner 2010; Heinken 1995). Since 63 
% of the German bryophyte flora are preferably found in forests (Koperski et al. 2000, Preußing et al. 
2011), forest ecosystems and especially Acidophilous oak forests play an important role in the 
conservation of bryophyte diversity (Heinken 1995).  
Acidophilous, nutrient-poor forest ecosystems have faced strong changes in terms of nutrients over 
the last decades. On the one hand, tree litter raking was largely abandoned from the beginning of the 
20th century and the forest management system changed to high forest management (Glatzel 1999, 
Härdtle et al. 2004). On the other hand, increased deposition of airborne N led to an area-wide 
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eutrophication of the forest ecosystems (Hédl et al. 2010; Heinken 2019; Perring et al. 2018; 
Verstraeten et al. 2013). The effects of the changes in management systems have been studied for oak 
forest communities on more nutrient-rich sites such as Central-European oak-hornbeam and 
Thermophilous oak forests, generally stating a strong decrease in plant species diversity and changes 
in species composition, with an increased proportion of true forest species and a decline of light-
demanding species (Becker et al. 2017; Hédl et al. 2010; Kopecký et al. 2013; Müllerová et al. 2015).  
The general effects of the increased N deposition in Central European forests have been an increase in 
nutrient-demanding herb layer species and a decrease in indicator species for nutrient-poor soils (Hédl 
et al. 2010; Heinken 2019; Perring et al. 2018; Verstraeten et al. 2013). Other important drivers of 
changes in species composition in Central European forests in the last decades were, besides the 
change in management and the increased N deposition, climate change (Heinrichs et al. 2012) as well 
as game density (Nessing & Zerbe 2002, Boulanger et al. 2018). The effects of all mentioned drivers 
have been vegetation shifts in Central European forests in the past decades, which include an increase 
in shade-tolerant and nutrient-demanding herb layer species and in tree regeneration and a decrease 
in herb layer diversity (Baeten et al. 2009; Becker et al. 2017; Hédl et al. 2010; Heinken 2019; Mölder 
et al. 2014; Perring et al. 2018; Schmidt & Heinrichs 2015; Schulze et al. 2015; Strubelt et al 2017; 
Strubelt et al. 2019a; Verheyen et al. 2012; Verstraeten et al. 2013).  
It is known that plant communities on poor soils are stronger affected by increased N deposition 
(annual N deposition in NW Germany between 15 - ϯϰ kg ∙ ha−ϭ ∙ Ǉeaƌ−ϭ; https://gis.uďa.de/website 
/depo1/; accessed 03 Mar 2019) than those on nutrient-rich soils, which are likely adapted to nutrient 
rich conditions (Bobbink et al. 2003; Dittmann et al. 2018; Heinken 2019; Reinecke et al. 2014; Strubelt 
et al. 2017; Strubelt et al. 2019b.). Due to this and also to the changes in land-use described above, 
oak forests on nutrient-poor, acidic soils are highly endangered and have been placed on the European 
Union Habitats Directive Annex I list (http://ec.europa.eu/environment/nature/legislation 
/habitatsdirective/ accessed 08. Feb 2019) because of their high conservation importance. Since 
Acidophilous oak forests host a high diversity especially of indicator species for nutrient-poor soils as 
well as bryophyte and lichen species, which presumably are heavily affected by the mentioned drivers, 
it is necessary to study and understand the processes in these systems. Heinken (2019) found a 
decrease in characteristic plant species and a shift towards more shade-tolerant and mesophilous 
forest communities in Acidophilous oak forest south of the Aller glacial valley (Lower Saxony, Germany) 
over the last decades. However, the studied plots of Heinken (2019) were geographically close to each 
other. To our knowledge, no research has so far been addressed to verify the long-term changes in 
bryophyte, lichen and herb layer species in Acidophilous oak forests widespread over the lowlands of 
Lower Saxony, which have been influenced by coppicing and litter raking in former times and have to 
face the elevated N levels nowadays. In particular studies about long term development of bryophyte 
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and lichen diversity and composition are scarce (Stetzka 1994). Some studies revealed an increase 
respectively no change in bryophyte species richness in NW German beech forest, generally attributed 
to an increase in acidophilous species (Heinrichs et al. 2014; Schmidt & Heinrichs 2015). Dittrich et al. 
(2016) and Reinecke et al. (2014) found a decrease in bryophytes in oligotrophic forests (high-montane 
spruce forests and scots pine forests). The increased N deposition has been suggested as the most 
important driver for changes in bryophyte and lichen diversity due to increased competition with 
vascular plants, increased canopy cover, increased litterfall or direct effects on species sensitive to high 
nitrogen loads (Dittrich et al. 2016; Dzwonko & Gawroński 2002; Reinecke et al. 2014).  
As the understanding about the drivers of changes in herb and bryophyte species composition in 
forests on nutrient-poor, acidic soils needs to be enhanced, we carried out vegetation studies on quasi-
permanent plots in different Acidophilous oak forests in the lowlands of NW Germany in 1990 and 
2014. We specifically aim to answer the following questions: (1) How have species richness and 
composition changed in Acidophilous oak forests in NW Germany over 24 years? (2) What are the 
drivers of changes for a) vascular and b) bryophyte and lichen species? (3) Do the former management 
practices still have an effect on the species composition? (4) Does the N deposition have an effect on 
the species composition? (5) Which are the winner and which are the loser species?  
 
2. Materials and methods 
2.1. Study area  
The studied plots are all situated in Acidophilous oak forests (often smaller than 10 ha) on nutrient-
poor, mostly sandy soils without groundwater influence in the lowlands of northern Germany (N-S 
52°21'17.1"N - 53°48'55.2"N and W-E 7°14'31.0"E - 11°01'14.7"E). The climate is atlantic in the western 
parts and sub-continental in the eastern parts, with a mean annual temperature of 8-8.5 °C and an 
average annual precipitation of 600-800 mm (Heinken 1995). The forests in the lowlands of 
Northwestern Germany have a long history of management. Wood pasture, litter raking, hay-making, 
coppicing and timber harvesting were common management practices since thousands of years, 
leading to degradation of the soils and significant changes in the forest structure and composition. The 
studied forests conform to the Betulo-Quercetum, in which Quercus robur, Quercus petraea and Betula 
pendula are the dominant tree species. The shrub layer is dominated by Sorbus aucuparia and Frangula 
alnus and the herb layer by Deschampsia flexuosa, Carex pilulifera and Vaccinium myrtillus. Fagus 
sylvatica, which represents the potential natural vegetation for most parts of the studied area, is also 
often present in all layers. Promoting oak trees, coppicing, soil degradation and wood pasture led to 
the current vegetation situation (Heinken 1995). 
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2.2. Sampling of vegetation and environmental variables 
Totally 56 plots (300– 900 m²) were analysed with respect to their vascular plant species composition 
in 1990/1991 (here referred to as 1990; Heinken 1995) and again in 2014/2015 (here referred to as 
2014) between May and August. The plots were placed widespread in Lower Saxony to assure to 
capture the whole variety. Only forest stands without significant recent management measures were 
chosen. The plots were placed assuring that no edge-effects influence the results (not adjacent to 
forest edges and forest paths). At the initial investigation in 1990, geographical coordinates for every 
plot were recorded as well as sketch maps and a detailed documentation of the field methods (Heinken 
1995). These notes enabled us to re-locate the 56 plots with high spatial precision. Nonetheless, we 
refer to quasi-permanent plots here, since the borders of the plots might vary slightly. In each sample 
plot the cover of the tree, shrub, herb and moss (including bryophytes and lichens) layers as well as 
the cover abundance of each species in each layer were recorded according to the Braun-Blanquet 
cover abundance scale (r = 1 individual, + = 2–5 individuals, 1 = <5% cover, 2 = 5–25% cover, 3 = 26–
50% cover, 4 = 51–75% cover, 5 = 76–100% cover; Braun-Blanquet 1964). Only bryophytes and lichens 
growing on the soil were included. The herb layer consisted of all plants up to a height of 0.7 m. The 
shrub layer was set to include woody plants from 0.7 m to max. 10 m. If there was a visible 
differentiation in the height of the trees forming distinct layers, the tree layer was divided in upper 
(T1) and lower (T2) tree layer in 2014 but not in 1990. Apart from this the methods applied in 1990 
and 2014 do not differ. 
Measurements of environmental variables in the plots were only carried out in 2014, except pH, that 
was also analysed in 1990 (methods see Heinken 1995). In each plot, a sample from the upper soil 
below the litter layer was collected in July-August 2014 and June-August 2015. Each sample consisted 
of five cores taken with a 5-cm high metal cylinder of 200 cm³. The soil samples were air dried, crushed 
and sieved (2-mm sieve). All samples were analysed for pH, plant available phosphorus (P), potassium 
(K), calcium (Ca), magnesium (Mg), carbon (C) and nitrogen (N). Soil pH was determined in a solution 
of 10 g soil and 25 ml 0.01 M CaCl2 with a standard glass electrode. For measurements of P, Ca, Mg 
and K, 5 g soil were extracted with ammonium lactate. We used photometric determination by flow 
injection analysis (FIA Tecator 5012 analyser, 5042 detector; Foss, DK) for P and flame atomic 
absorption spectrophotometry (AAS Philips PU 9100; Phillips, Amsterdam, NL) for Ca, Mg and K. Total 
C and N were determined with an elemental analyser (HEKAtech Euro EA; HEKAtech, Wegberg, DE). 
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2.3 Groups of plots 
According to their species composition, Heinken (1995) grouped the plots into three vegetation types 
(Table 6-1; detailed description of the methods in Heinken 1995). We used the same groups for the 
analyses.  
 
Table 6-1. The three investigated types of plots in the forests with their vegetation type, sample size, typical species in the 
initial investigation (Heinken 1995). Mean values and standard deviation of the environmental parameters measured in 2014 
are given: pH, phosphorus (P), magnesium (Mg), calcium (Ca), potassium (K), C/N ratio (CN).  
Plot type BQ1 BQ2 BQ3 
Vegetation type Betulo-Quercetum, 
poorer type 
Betulo-Quercetum, 
intermediate type 
Betulo-Quercetum, 
richer type 
Number of plots 18 19 19 
Typical species 
(Heinken 1995) 
Aulacomnium 
androgynum; 
Dicranum polysetum; 
D. scoparium;  
Hypnum 
cumpressiforme; 
Pleurozium schreberi; 
Pohlia nutans; 
Leucobryum glaucum; 
Calluna vulgaris; 
Pinus sylvestris; 
Campylopus spec.; 
Cladonia chlorophaea; 
C. coniocraea;  
C. portentosa 
Agrostis capillaris; 
Anthoxantum 
ordoratum; 
Ceratocapnus 
claviculata;  
Dryopteris carthusiana; 
D. dilatata;  
Epilobium 
angustifolium; 
Frangula alnus; 
Galeopsis tetrahit agg.; 
Holcus mollis; 
Lonicera 
periclymenum; 
Maianthemum 
bifolium;  
Moehringia trinveria; 
Prunus serotina;  
Rubus fruticosus agg.; 
Rubus idaeas; 
Sorbus aucuparia 
Anemone nemorosa; 
Convallaria majalis; 
Hedera helix;  
Milium effusum; 
Oxalis acetosella; 
Polygonatum 
multiflorum;  
Stellaria holostea 
pH 3.2 ± 0.3 3.2 ± 0.3 3.0 ± 0.2 
P [mg ∙ 100g soil-1] 3.3 ± 1.5 2.9 ± 1.6 4.1 ± 2.8 
Mg [mg ∙ 100g soil-1] 9.6 ± 6.0 12.2 ± 10.4 11.3 ± 11.7 
Ca [mg ∙ 100g soil-1] 46.8 ± 35.2 44.5 ± 26.0 44.5 ± 55.5 
K [mg ∙ 100g soil-1] 10.5 ± 5.8 11.1 ± 4.6 11.9 ± 5.5 
CN 22.7 ± 2.9 22.0 ± 2.8 24.4 ± 6.0 
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2.4. Data analysis 
2.4.1 Software 
All statistical analyses were conducted with Microsoft Excel version 2013, WinSTAT version 
2012.1.0.96 (R. Fitch Software, Bad Krozingen, GE) and R version 3.4.0 (R Foundation for Statistical 
Computing, Vienna, AT). The vegan package 2.4-4 (Oksanen et al. 2017) in R was used for the 
multivariate analyses. 
2.4.2 Analyses of temporal dynamics 
Mean unweighted Ellenberg indicator values (EIV, Ellenberg et al. 1992) for continentality (K), light (L), 
soil moisture (F), nitrogen (N), temperature (T) were calculated for each plot separately for the years 
1990 and 2014, based exclusively on the composition of the herb layer. We did not use EIV R for our 
analyses, since we measured the pH values of the soil of the plots and included these in the analyses. 
Based on the herb layer we also calculated the numbers of species of the following groups of species 
with different affinities to forests (following Schmidt et al. 2011): SR1.1: class 1.1; species with their 
main occurrence in closed forests; SR1.2: class 1.2; species restricted to forest edges and clearings; 
SR2.1: class 2.1; species occurring more or less equally often in forests and open habitats; SR2.2: class 
2.2; species with their main occurrence in open habitats; SRO: class O; species occurring in open 
habitats. We calculated the numbers of species in the herb and moss layer as well as the number of 
moss and lichen species separately. We also calculated total species richness and the percentage of 
crytopgams in total species richness. The paired t-test or Wilcoxon-test (depending on the distribution 
of the variables) was used for analysis of changes in the above mentioned variables as well as pH and 
the cover values of the shrub layer (Scov), herb layer (Hcov) and moss layer (Mcov) in the entire area 
as well as in the three groups (BQ1, BQ2, BQ3). P values were adjusted using the p.adjust function with 
the fdr method in R (Benjamini & Hochberg 1995). The change in the cover of the tree layer was not 
analysed, since the methods varied between the two surveys. 
2.4.3 Analyses of the drivers of compositional change 
Species compositional change between the two years was analysed by Detrended Correspondence 
Analyses (DCA, Hill & Gauch 1980) with herb layer species from all plots in the two years using mean 
Braun Blanquet cover class values. The analysis was conducted with the vegan package in R using the 
decorana function with default options. The centroids of the six groups (BQ1, BQ2, BQ3 for both years 
1990 and 2014) were plotted with the function ordispider in R. Mean unweighted EIV, the cover values 
of the tree and shrub layers, pH, year, latitude and longitude as well as the cover values of dominant 
trees (Quercus robur, Quercus petraea, Betula pendula and Fagus sylvatica) were fit post-hoc onto the 
plot positions in the ordination diagram with the function envfit in R. Variables that were significantly 
correlated with the axes were presented in the diagram. The same analysis was conducted for the 
moss layer species. 
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2.4.4 Analyses of drivers of the change in species richness 
To determine drivers of the changes in herb layer species richness (ΔSRH; SRH2014 – SRH1990) and moss 
layer species richness (ΔSRML), linear models were made for the three groups (BQ1, BQ2, BQ2) 
separately using the glm function in R with Gaussian error distribution. The 2014 cover values of the 
tree (T1cov) and shrub layer (Scov), the 2014 height of the upper tree layer (H_T1), the 2014 measured 
environmental parameters, latitude (lat) and longitude (lon), as well as the change in EIV N (ΔEIV N) 
and EIV L (ΔEIV L) and for the ΔSRML model also the 2014 height and the coverage of the herb layer 
(H_H; Hcov) as well as the 2014 number of herb layer species (SRH) were included as independent 
variables. To avoid multi-collinearity, we calculated Spearman rank correlation coefficients ρ between 
all variables and a priori excluded variables with ρ > 0.6 with other variables. Variables T1cov, Scov, 
pH, P, Ca (correlated with Mg and C and N), K, CN, H_T1, Lat, Lon, ΔEIV N, ΔEIV L and H_H, SRH and 
Hcov for the ΔSRML model were retained. Full models were reduced to minimum adequate models 
using step-wise backwards selection based on BIC (Bayesian information criterion). Leave-one-out 
cross validation (LOOCV) prediction errors (root mean-squared errors, RSME) were used to validate 
the final models.  
3. Results 
3.1 Temporal dynamics  
3.1.1 Species richness, cover values and EIV 
Total species richness increased from 1990 to 2014 in group BQ1, while it decreased in group BQ3 
(Table 6-2). The same pattern was found for the herb layer species. The increase in species richness in 
group BQ1 was attributed to an increase in true forest as well as open habitat species (1.1, 1.2, 2.1 and 
2.2), while the decrease in species richness in group BQ3 was mainly attributed to a decrease in species 
of the classes 1.2 and 2.1. Moss layer species richness decreased significantly in group BQ1 and BQ2, 
while it remained more or less constant in group BQ3. The highest percentage share of bryophytes and 
lichens in total species richness in 1990 was found in group BQ1 with 38 % (BQ2 22 %, BQ3 12 %). This 
value showed a strong decrease in group BQ1 from 1990 to 2014 (from 38 % to 19 %), while it remained 
more or less constant in the groups BQ2 and BQ3. Considering all plots, the cover of the shrub layer 
increased from 1990 to 2014, albeit only significantly in group BQ3. A decrease in the coverage of the 
herb layer was found in group BQ2 and BQ3, while it remained more or less constant in group BQ1. 
The cover of the moss layer decreased in all groups, but only significantly in group BQ2 and BQ3. The 
pH value remained more or less constant in all studied plots, a significant increase was only found for 
plots of group BQ2. EIV L decreased from a mean value of 5.72 to 5.55 considering all plots, but not 
significantly in each of the three groups. EIV N increased in all three groups, while EIV F increased only 
in group BQ1. EIV T and EIV K remained constant.  
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Table 6-2. Changes in species richness variables, cover values of the layers, pH values and in the Ellenberg indicator values 
from 1990 to 2014 considering all plots as well as the three groups (BQ1: poorer type; BQ2: intermediate type; BQ3: richer 
type). Mean values of the variables and p values (based on the t-test or Wilcoxon-test; P values from t-test are marked with 
t; P values from Wilcoxon-test are marked with W; all P-values were adjusted using the fdr method by Benjamini & Hochberg 
1ϵϵϱͿ foƌ all plots as ǁell as foƌ the thƌee gƌoups ;BQϭ, BQϮ, BQϯͿ aƌe giǀeŶ. The aƌƌoǁs iŶdiĐate sigŶifiĐaŶtlǇ positiǀe ;↑Ϳ or 
Ŷegatiǀe ;↓Ϳ tƌeŶds. AďďƌeǀiatioŶs aƌe SR = Total speĐies ƌiĐhŶess; SRH = Heƌď laǇeƌ speĐies ƌiĐhŶess; SRM = Moss speĐies 
richness; SRL = Lichen species richness; SRML = Bryophyte + lichen species richness (SRM+SRL); %SRML = Percentage of 
bryophytes and lichens in total species richness; SRH1.1 = No. of species of class 1.1 (Schmidt et al. 2011): species with their 
main occurrence in closed forests; SRH1.2 = No. of species of class 1.2 (Schmidt et al. 2011): species restricted to forest edges 
and clearings; SRH2.1 = No. of species of class 2.1 (Schmidt et al. 2011): species occurring more or less equally often in forests 
and open habitats; SRH2.2 = No. of species of class 2.2 (Schmidt et al. 2011): species with their main occurrence in open 
habitats; SRHO = No. of species of class O (Schmidt et al. 2011): species occurring in open habitats; Tcov = Coverage of the 
tree layer [%] (T1 und T2 were not distinguished in 1990); T1cov = Coverage of the upper tree layer [%]; T2cov = Coverage of 
the lower tree layer [%]; Scov = Coverage of the shrub layer [%]; Hcov = Coverage of the herb layer [%]; Mcov = Coverage of 
the moss layer [%]; EIV L = Ellenberg indicator value for light; EIV T = Ellenberg indicator value for temperature; EIV K = 
Ellenberg indicator value for continentality; EIV F = Ellenberg indicator value for soil moisture; EIV N = Ellenberg indicator 
value for soil nutrients.  
 
 
 
 
Year 1990 2014     1990 2014     1990 2014     1990 2014     
Group all all  p BQ1 BQ1  p BQ2 BQ2  p BQ3 BQ3  p 
N 56 56     18 18     19 19     19 19     
SR 22.57 23.45 = 0.500t 19.60 25.50 ↑ 0.005t 21.63 23.32 = 0.435t 26.37 21.63 ↓ 0.033t 
SRH 15.50 18.30 ↑ 0.046t  10.17 19.50 ↑ <0.001t  14.84 18.32 = 0.194t 21.32 17.26 ↓ 0.017t 
SRM 5.00 3.50 ↓ <0.001W 6.83 4.61 ↓ 0.003t 4.95 3.26 ↓ 0.019t 3.42 2.74 = 0.394t 
SRL 0.27 0.02 ↓ 0.046W 0.83 0.06 ↓ 0.039W 0.00 0.00 = Na 0.00 0.00 = Na 
SRML 5.30 3.50 ↓ <0.001t 7.67 4.67 ↓ 0.003t 4.95 3.26 ↓ 0.019t 3.42 2.74 = 0.394t 
%SRML 24.09 15.90 ↓ <0.001t 38.30 19.40 ↓ <0.001t 22.36 15.95 = 0.142t 12.39 12.49 = 0.960t 
SRH1.1 4.16 5.36 ↑ 0.046W 1.72 4.22 ↑ 0.005t 2.89 4.63 ↑ 0.112t 7.74 7.16 = 0.394t 
SRH1.2 0.71 0.80 = 0.538W 0.00 0.78 ↑ 0.003W 0.63 0.79 = 0.442t 1.47 0.84 ↓ 0.017t 
SRH2.1 10.21 11.16 = 0.163t 8.22 12.61 ↑ <0.001t 10.89 12.00 = 0.376t 11.42 8.95 ↓ 0.017t 
SRH2.2 0.43 0.80 = 0.112W 0.22 1.39 ↑ 0.020W 0.42 0.74 = 0.376W 0.63 0.32 = 0.394t 
SRHO 0.00 0.05 = 0.141W 0.00 0.17 = 0.160W 0.00 0.00 = na 0.00 0.00 = Na 
Tcov 70.40    68.89    72.11    70.00    
T1cov  52.60    47.00    59.95    50.53   
T2cov  9.66    9.60    8.93    11.00   
Scov 7.50 18.80 ↑ <0.001W 8.00 13.50 = 0.211t  7.42 18.05 = 0.194t 7.11 24.47 ↑ 0.017t 
Hcov 61.60 45.90 ↓ <0.001t 53.61 52.00 = 0.792t  60.79 37.05 ↓ 0.005t 70.00 48.84 ↓ 0.017t 
Mcov 6.00 4.10 ↓ <0.002W 14.28 10.18 = 0.216W 3.11 1.03 ↓ 0.005W 1.05 0.63 ↓ 0.017W 
pH 3.06 3.13 = 0.182t  3.08 3.15 = 0.384t 3.01 3.20 ↑ 0.046t 3.11 3.03 = 0.394t 
EIV L 5.72 5.55 ↓ 0.010t 6.01 5.88 = 0.357t 5.78 5.56 = 0.043t 5.40 5.23 = 0.182t 
EIV T 5.39 5.32 = 0.085t 5.41 5.28 = 0.210t 5.43 5.35 = 0.215t 5.33 5.33 = 0.922t 
EIV K 3.45 3.43 = 0.662t 3.63 3.65 = 0.856t 3.46 3.41 = 0.442t 3.26 3.22 = 0.698t 
EIV F 5.27 5.43 ↑ 0.011t 5.13 5.58 ↑ <0.001t 5.46 5.42 = 0.682t 5.21 5.28 = 0.329t 
EIV N 3.42 4.26 ↑ <0.001t 2.49 3.93 ↑ <0.001t 3.50 4.37 ↑ 0.000t 4.22 4.47 ↑ 0.017t 
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3.1.2 Herb layer species 
Among the 30 herb layer species that showed a strong increase in frequency from 1990 to 2014 in 
either the total area or in one of the groups were twelve nitrogen indicator species (EIV N шϲͿ aŶd tǁo 
indicator species for nitrogen-poor soils ;EIV чϯͿ ;Taďle 6-3). Ten of the 30 increasing species were true 
forest species of the class 1.1, one of class 1.2, 17 of class 2.1 and 2 of class 2.2. Nine of the increasing 
species were evergreen species, such as Ilex aquifolium and Hedera helix. The species with the 
strongest increase in the whole area were Dryopteris carthusiana, Ilex aquifolium, Rubus fruticosus 
agg. and Pinus sylvestris. In group BQ1 Dryopteris carthusiana, Rubus idaeus, Rubus fruticosus agg. and 
Agrostis stolonifera showed the strongest increase. The species with the strongest increases in group 
BQ2 were Pinus sylvestris, Rubus fruticosus agg. and Hedera helix. In group BQ3 Ilex aquifolium was 
the only species with a strong increase. Among the 18 species that showed a strong decrease in 
frequency from 1990 to 2014 were 12 indicator species for nitrogen-poor soils and two nitrogen 
indicator species. Five of the decreasing species were species of class 1.1, two of class 1.2 and eleven 
of class 2.1. The species with the strongest decrease in the whole area were Agrostis capillaris, Galium 
saxatile, Holcus mollis and Trientalis europaea. In group BQ1 was no species with a strong decrease, 
while in group BQ2 Agrostis capillaris, Quercus robur, Melampyrum pratense and Galium saxatile 
showed the strongest decrease. The strongest decreases of species were found in group BQ3, with 
strong decreases of species such as Agrostis capillaris, Holcus mollis, Galium saxatile, Trientalis 
europaea and Luzula pilosa. 
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Table 6-3. Herb layer species with pronounced changes in frequency (increase or decrease in four or more plots from 1990 
to 2014 in all plots or at least one of the three types: BQ1: poorer type; BQ2: intermediate type; BQ3: richer type). Species 
groups (1.1 main occurrence in closed forests; 1.2 restricted to forest edges and clearings; 2.1 occurring in both forests and 
open habitats; 2.2 main occurrence in open habitats) and Ellenberg indicator values for light (EIV L) and moisture (F), reaction 
(pH, R) and nutrients (N) are given. Frame = Increase or decrease is at least 25% in the type.  
  Δ_all Δ_BQϭ Δ_BQϮ Δ_BQϯ Group EIV L EIV F EIV R EIV N 
No. of plots 56 18 19 19           
Increase                   
Dryopteris carthusiana 17 11 4 2 2.1 5 x 4 3 
Ilex aquifolium 17 4 6 7 2.1 4 5 4 5 
Rubus fruticosus agg. 16 8 7 1 2.1 8 5 5 5 
Pinus sylvestris 15 6 8 1 2.1 7 x X x 
Agrostis stolonifera 14 8 3 3 2.2 8 7 X 5 
Impatiens parviflora 14 5 5 4 1.1 4 5 X 6 
Rubus idaeus 13 11 3 -1 1.2 7 x X 6 
Hedera helix 12 2 7 3 1.1 4 5 X x 
Urtica dioica ssp. dioica 12 6 5 1 2.1 x 6 7 8 
Dryopteris dilatata 11 7 3 1 1.1 4 6 X 7 
Picea abies 11 6 3 2 2.1 5 x X x 
Prunus serotina 11 5 2 4 2.1 6 5 X - 
Oxalis acetosella 9 3 6 0 1.1 1 5 4 6 
Galeopsis bifida 9 6 4 -1 2.1 7 5 6 6 
Juncus effusus 8 4 3 1 2.1 8 7 3 4 
Mycelis muralis 8 5 3 0 2.1 4 5 X 6 
Acer pseudoplatanus 7 1 3 3 2.1 4 6 X 7 
Taxus baccata 7 2 2 3 1.1 4 5 7 x 
Carpinus betulus 5 1 1 3 1.1 4 x X x 
Lonicera periclymenum 4 3 1 0 2.1 6 x 3 4 
Athyrium filix-femina 4 1 2 1 1.1 3 7 X 6 
Galium aparine 4 2 3 -1 2.1 7 x 6 8 
Dryopteris filix-mas 4 3 1 0 1.1 3 5 5 6 
Betula pubescens 4 3 1 0 2.1 7 8 3 3 
Pseudotsuga menziesii 4 2 1 1 1.1 - - - - 
Holcus lanatus 3 5 1 -3 2.2 7 6 X 4 
Veronica offinalis 3 4 0 -1 2.1 6 4 3 4 
Sorbus aucuparia 2 5 -2 -1 1.1 6 x 4 x 
Betula pendula 2 4 1 -3 2.1 7 x X x 
Frangula alnus 1 6 -2 -3 2.1 6 8 4 x 
          
Decrease                  
Agrostis capillaris -18 -1 -6 -11 2.1 7 x 4 4 
Galium saxatile -17 -4 -5 -8 2.1 7 5 2 3 
Holcus mollis -14 -1 -4 -9 2.1 5 5 2 3 
Trientalis europaea -11 -1 -4 -6 1.1 5 x 3 2 
Carex pilulifera -10 1 -5 -6 2.1 5 5 3 3 
Maianthemum bifolium -10 -1 -3 -6 1.1 3 5 3 3 
Luzula multiflora -10 -4 -3 -3 2.1 7 5 5 3 
Quercus robur -9 -2 -6 -1 2.1 7 x X x 
Festuca ovina -8 -4 -1 -3 2.1 7 x 3 1 
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Deschampsia flexuosa -7 0 -2 -5 2.1 6 x 2 3 
Melampyrum pratense -7 1 -6 -2 1.1 x x 3 2 
Epilobium angustifolium -7 0 -1 -6 1.2 8 5 5 8 
Luzula pilosa -6 0 0 -6 1.1 2 5 5 4 
Calluna vulgaris -5 -4 -1 0 2.1 8 x 1 1 
Vaccinium myrtillus -4 0 -2 -2 2.1 5 x 2 3 
Anemone nemorosa -4 0 0 -4 1.1 x 5 X x 
Festuca filiformis -4 -3 -1 0 2.1 7 4 3 2 
Ceratocapnos claviculata -2 2 0 -4 1.2 5 5 3 6 
 
3.1.3 Moss layer species 
The three moss species that showed a strong increase in frequency were Brachythecium rutabulum, 
Polytrichum formosum and Hypnum cumpressiforme (Table 6-4). While Brachythecium rutabulum 
increased in all of the three groups, Polytrichum formosum increased only in group BQ1 and BQ2 and 
Hypnum cumpressiforme in group BQ2 and BQ3. The species that showed the strongest decrease in 
the whole area were Dicranella heteromalla, Pohlia nutans and Plagiothecium laetum var. secundum. 
The species with the strongest decrease in group BQ1 were Pohlia nutans, Dicranella heteromalla, 
Dicranum scoparium and Aulacomnium androgynum, in group BQ2 Dicranella heteromalla, 
Plagiothecium laetum var. secundum and Pohlia nutans and in group BQ3 Dicranella heteromalla.  
Table 6-4. Bryophyte and lichen species with pronounced changes in frequency (increase or decrease in four or more plots 
from 1990 to 2014 in all plots or at least one of the tree types: BQ1: poorer type; BQ2: intermediate type; BQ3: richer type). 
Species groups (1.1 main occurrence in closed forests; 1.2 restricted to forest edges and clearings; 2.1 occurring in both 
forests and open habitats; 2.2 main occurrence in open habitats) are given. Frame = Increase or decrease is at least 25% in 
the type.  
  Δ_all Δ_BQϭ Δ_BQϮ Δ_BQϯ Group 
No. of plots 56 18 19 19   
Increase           
Brachythecium rutabulum 19 8 9 2 2.1 
Polytrichum formosum 7 3 6 -2 2.1 
Hypnum cupressiforme var. cupressiforme et jutlandicum 6 -3 1 8 2.1 
      
Decrease           
Dicranella heteromalla -22 -7 -9 -6 2.1 
Pohlia nutans  -18 -8 -6 -4 2.1 
Plagiothecium laetum var. secundum -14 -3 -7 -4 2.1 
Dicranum scoparium -12 -7 -4 -1 2.1 
Aulacomnium androgynum -12 -7 -5 0 1.2 
Lophocolea heterophylla -12 -4 -5 -3 1.1 
Pleurozium schreberi -8 -6 -2 0 2.1 
Dicranum polysetum -6 -4 -2 0 2.1 
Campylopus flexuosus et pyriformis -6 -4 -1 -1 2.1 
Atrichum undulatum var. undulatum -4 -1 0 -3 - 
Cladonia pyxidata -4 -4 0 0 2.1 
Cladonia coniocraea -4 -4 0 0 2.1 
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3.2 Compositional shift in the herb layer 
The DCA of the herb layer species showed that the plots were grouped concerning their vegetation 
type and the year of investigation along axis 1 (Fig. 6-15). Plots of group BQ1 and BQ2 in 1990 were 
arranged in the left hand side in the diagram, plots of groups BQ3 were arranged more in the right 
hand side in the diagram. From 1990 to 2014 there was a visible shift of plots of all groups along axis 
1, which as positively correlated with EIV N, the cover value of Fagus sylvatica and negatively 
correlated with EIV L, the cover value of Quercus petraea and the longitude (Fig. 6-16). Axis 2 was 
positively correlated with pH and negatively with EIV K and the cover value of Betula pendula.  
3.3 Compositional shift in the moss layer 
The DCA of the moss layer species showed a grouping of plots by their vegetation type and year of 
investigation along axis 2 (Fig. 6-17). Plots of group BQ1 in 1990 were arranged in the lower part of the 
diagram, whereas plots of group BQ2 in 1990 were arranged more in the middle and plots of group 
BQ3 in the upper part. Axis 2 was positively correlared with EIV N. There was a shift of plots from 1990 
to 2014 along axis 2 (towards higher EIV N), with plots of group BQ1 and BQ2 shifting towards higher 
values of axis 2 and plots of group BQ3 towards lower values (lower EIV N).  
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Figure 6-15. Detrended Correspondence Analysis (DCA) of the herb layer species composition of 56 forest plots analysed in 
1990 (empty dots) and 2014 (filled dots) divided in the three types BQ1 (poorer type; yellow), BQ2 (intermediate type; red) 
and BQ3 (richer type; green). The centroids of the six groups are presented. Eigenvalues: axis 1 – 0.5546, axis 2 – 0.3020; 
gradient lengths: axis 1 – 3.6152, axis 2 – 3.9107. 
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Figure 6-16. DCA of the herb layer species composition of 56 forest plots analysed in 1990 (empty dots) and 2014 (filled 
dots) divided in the three types BQ1 (poorer type; yellow), BQ2 (intermediate type; red) and BQ3 (richer type; green). 
Eigenvalues: axis 1 – 0.508, axis 2 – 0.271; gradient lengths: axis 1 – 4.054, axis 2 – 3.191. Environmental parameters and 
Ellenberg indicator values were fitted post-hoc onto the plot positions in the ordination diagram: Year, pH, Lon (Longitude), 
L (Ellenberg indicator value for light), K (Ellenberg indicator for continentality), N (Ellenberg indicator value for nutrients), 
Que.pet (Percentage coverage of Quercus petraea in the upper tree layer), Bet.pen (Percentage coverage of Betula pendula 
in the upper tree layer), Fag.syl (Percentage coverage of Fagus sylvatica in the upper tree layer). 
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Figure 6-17. DCA of the moss layer species composition (bryophyte and lichen species) of 56 forest plots analysed in 1990 
(empty dots) and 2014 (filled dots) divided in the three types BQ1 (poorer type; yellow), BQ2 (intermediate type; red) and 
BQ3 (richer type; green). The centroids of the six groups are presented. Eigenvalues: axis 1 – 0.7003; axis 2 – 0.5385; gradient 
lengths: axis 1 – 4.8753, axis 2 – 3.7539. 
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3.4 Drivers of changes in species richness  
The drivers of changes in herb layer species richness varied between the different groups of plots 
(Table 6-5Ϳ. While ΔSRH ǁas positiǀelǇ ƌelated to ΔEIV N iŶ gƌoup BQϭ, it ǁas positiǀelǇ affeĐted ďǇ pH 
aŶd ŶegatiǀelǇ ďǇ TϭĐoǀ iŶ gƌoup BQϮ. IŶ gƌoup BQϯ ΔSRH was positively affected by pH, Latitude and 
K and negatively affected by Scov. The drivers of changes in moss layer species richness (bryophytes 
and lichens) also differed between the different groups of plots (Table ϰͿ. While ΔSRML was negatively 
affected by T1cov in group BQ1, it was negatively affected by SRH and CN in group BQ2. In group BQ3 
ΔSRML was positively affected by pH and negatively related to H_T1, Lon, T1cov, Ca, Scov, Kcov, P and 
ΔSRH.  
Table 6-5. Relationship between the change in species richness (herb layer: ∆SRH; moss layer: ∆SRML) and explanatory 
variables for the three different groups of plots (BQ1: poorer type; BQ2: intermediate type; BQ3: richer type) as obtained by 
generalized linear modelling with backward selection of variables (gaussian error distribution). Properties of the final model 
are shown. The sign of the t statistic shows if the relationship with the response variable was negative or positive. The 
explanatory variables are: pH, H_T1 (height of the upper tree layer), Lat (Latitude), Lon (Longitude), ∆EIV N (Delta Ellenberg 
indicator value for nutrients), K (potassium), T1cov (Coverage of the upper tree layer), Ca (calcium), Scov (Coverage of the 
shrub layer), Hcov (Coverage of the herb layer), P (plant available phosphorus), SRH (herb layer species richness), ∆CN (C/N 
ƌatioͿ, ∆SRH ;delta heƌď laǇeƌ speĐies ƌiĐhŶessͿ. R² as ǁell as the Đƌoss-validation prediction error (CV RSME; root mean-
squared error) for the full models are shown. 
 ∆SRH ∆SRML 
 BQ1 BQ2 BQ3 BQ1 BQ2 BQ3 
 T P T P T P T P T P T P 
pH 1.641 0.127 2.595 0.020 3.100 0.009 - - 1.828 0.089 4.913 0.002 
H_T1 2.868 0.014 - - - - - - - - -3.416 0.011 
Lat 2.477 0.029 - - 2.310 0.039 - - - - 1.305 0.233 
Lon -1.460 0.170 - - - - - - - - -3.961 0.005 
∆EIV N 3.744 0.003 - - - - - - - - - - 
K - - 1.962 0.069 2.710 0.019 2.833 0.016 - - 4.072 0.005 
T1cov - - -3.009 0.009 -1.976 0.072 -2.978 0.013 - - -6.109 0.000 
Ca - - - - -1.923 0.079 2.315 0.041 - - -2.887 0.023 
Scov - - - - -6.008 0.000 - - - - -6.035 0.001 
Hcov - - - - - - 1.811 0.098 1.734 0.105 -6.289 0.000 
P - - - - - - -2.409 0.035 - - -6.008 0.001 
SRH - - - - - - -1.620 0.134 -3.419 0.004 - - 
CN - - - - - - - - -2.417 0.030 - - 
∆SRH - - - - - - - - - - -1.506 0.176 
R²adj. 0.664 0.486 0.732 0.515 0.493 0.826 
CV 
RSME 
4.805 7.180 4.215 2.999 1.909 3.313 
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4. Discussion  
4.1 Potential driving forces of the changes in species richness and composition 
4.1.1 Abandonment of tree litter raking  
The strong decrease or disappearence of herb, bryophyte and lichen species, that depend on open 
soils, such as Dicranella heteromalla, Carex pilulifera, Luzula multiflora and Atrichum undulatum 
(Heinken 1995) and a general decrease in bryophyte and lichen species and coverage can likely be 
explained by the former tree litter raking. The formerly poorest type showed the strongest changes of 
the three vegetation types. Lichens almost completely disappeared in these plots. While in 1990 seven 
different species of lichens were found in different plots, in 2014 only one small patch of one lichen 
species was found in one plot (Cladonia pyxidata in plot 25). In 1990, bryophyte and lichen species 
used to hold a share of nearly 40% of the total number of species, today they only have a share of 
nearly 20%. A dramatic decrease in lichen species has also been found by Fischer et al. (2015) for lichen 
pine forests in South Germany, even though in their study accompanied by a strong increase in 
pleurocarpous mosses (such as Pleurozium schreberi). The decrease in those species probably shows, 
that even though tree litter raking was already abandoned after World War II, it still affects the forest 
vegetation. The long period of tree litter raking led to a degradation of the soils and to large areas of 
open soil (Ellenberg & Leuschner 2010; Heinken 1995; Härdtle et al. 2004; Fischer et al. 2015; Vild et 
al. 2015). These open and nutrient-poor soils provided perfect habitats for bryophytes and lichens, 
since they preferably do not grow on litter (Ellenberg & Leuschner 2010). Besides that, nutrient-poor 
soils do not support the growth of competitive herb species, that can outcompete the bryophyte and 
lichen species. Similar to lichen-rich pine forests (Ellenberg & Leuschner 2010, Reinecke et al. 2014), it 
can be assumed for the lichen-rich oak forests, that the degradation of the soils led to the high diversity 
in bryophyte and lichen species in these systems and that these forests are a degradation phase. The 
recent development can thus be seen as recovery from former nutrient-depletion (Ellenberg & 
Leuschner 2010; Heinken 1995). 
4.1.2 Eutrophication 
The plots of all groups showed a significant increase in EIV N, attributed to increased eutrophication, 
which likely results from the high deposition of airborne N (annual N deposition in NW Germany 
between 15 - ϯϰ kg ∙ ha−1 ∙ Ǉeaƌ−1; https://gis.uba.de/website/depo1/; accessed 03 Mar 2019). In the 
acidic and nutrient-poor soils of NW Germany, the critical loads for N depositions are 8 – ϭϬ kg ∙ ha−1 ∙ 
year−1 (Bobbink et al. 2010) and thus, strongly exceeded. Increasing EIV N caused by N deposition have 
been found in several other studies of forests in Europe (Hédl et al., 2010; Heinken 2019; Perring et 
al., 2018; Verstraeten et al. 2013). In this study, we were able to show that the eutrophication was 
much more pronounced in the formerly poorer type (BQ1), which is in line with the findings of e.g. 
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Bobbink et al. (2003) and Reinecke et al. (2014). Vegetation communites on poorer soils react stronger 
on eutrophication, because the communities are adapted to nutrient-poor conditions (Bobbink et al. 
2003; Dittmann et al. 2018; Heinken 2019; Reinecke et al. 2014). With increasing nutrient availability, 
those species are supported, that can use the more of nutrients efficiently and thus, compete with 
otheƌ speĐies ;e.g. Stefańska‑Krzaczek et al. 2018; Reinecke et al. 2014). In this study the number of 
increasing N-indicator species was much more pronounced in the formerly poorer type, whereas the 
decrease in indicator species for nutrient-poor soils was much more pronounced in the richer type 
(BQ3). In the studied forests, the eutrophication caused by N deposition is enhanced by the recovery 
of the soils after the nutrient-depletion by tree litter raking. 
4.1.3 Change in the management system – change in the light availability 
The decrease in EIV L and the decrease in light demanding species accompanied by an increase in 
shade-tolerant species is a common trend in Central European forests (Becker et al. 2017; Hédl et al. 
2010; Heinken 2019; Kopecký et al. 2013; Müllerová et al. 2015; Strubelt et al. 2017).  This can be 
attributed to the change in the forest management from coppices and coppice-with-standard 
management to high forest management (Härdtle et al. 2004), which led to darker conditions on the 
forest floor (Becker et al. 2017; Hédl et al. 2010; Kopecký et al. 2013; Müllerová et al. 2015). Coppicing 
and coppice-with-standard management were the most widespread practiced forest management 
types from ca. the 13th century to the beginning of the 20th century (Ellenberg & Leuschner 2010; 
Härdtle et al. 2004). Coppicing is a rotation system based on harvesting the underwood every 7 to 40 
years (Szabó 2010; Szabó et al 2015), causing an alternation of light and shaded phases, which is 
providing a variety of conditions and thus, is an important factor for plant species diversity (Ellenberg 
& Leuschner 2010; Strubelt et al. 2017; Strubelt et al. 2019a). Increasing shrub layer coverage (as we 
found it in the studied forests) is a common trend after the abandonment of coppicing (e.g. Heinken 
2019; Strubelt et al. 2017). Here, the increase in the shrub layer coverage is mainly caused by an 
increase in Fagus sylvatica, Prunus serotina, Ilex aquifolium and Sorbus aucuparia. The possible 
alternative explanation, that the increase in the shrub layer coverage is a consequence of a decrease 
in the game population, can be rejected by stable or increasing game populations (particularly 
Capreolus capreolus, Cervus elaphu, Sus scrofa and Dama dama) in Germany over the past decades 
(Ammer et al. 2010; ML 2003). 
Higher shrub layer coverage led to darker conditions on the forest floor, which caused a decrease in 
light-demanding species (Becker et al. 2017; Hédl et al. 2010; Heinken 2019; Strubelt et al. 2017).  
Among the loser species (i.e. species that showed a decrease in frequency) in this investigation were 
the light-demanding (also indicator for nutrient-poor soils) species Galium saxatile, Trientalis 
europaea, Vaccinium myrtillus, Melampyrum pratense etc. Light is an even more important factor in 
nutrient-poor sites and shows stronger effects on the composition and diversity of plant species, 
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because many species are growing on the limit of their physiological possibilities (Härdtle et al. 2003; 
Heinken 1995).  
Even though, it is very likely that the change in the nutrient regime is the strongest driver behind the 
changes in the bryophyte and lichen diversity, the reduced light might also play an important role. 
Lichen species are relatively light-demanding and suffer from a decrease in light availability (Beer & 
Ewald 2005; Fischer et al. 2015).  
4.1.4 Competition between vascular and bryophytes and between bryophytes and lichens 
Although it is likely to assume, that a decrease in moss layer species is a result of competition with 
competitive herb layer species, which increased due to e.g. eutrophication, this was not the case in 
this study. Here, the decrease in bryophyte and lichen species goes along with a decrease in herb layer 
coverage. Fischer et al. (2015), however, found a competition effect not just between herb layer 
species and moss layer species but also between lichens and pleurocarpous mosses, which was also 
Ŷot the Đase iŶ ouƌ studǇ. Stefańska‑Krzaczek et al. (2018) also found a significant decrease in mainly 
Cladonia species accompanied by an increase in the cover of bryophytes in lichen-rich pine forests in 
Poland. The fact that we did not observe competition effects in our study, supports the theory that the 
increased litter layer and the change in the nutrient and light regime were the driving forces of the 
dramatic decrease in particularly lichen but also bryophyte species. 
4.1.5 Climate change 
We found a strong increase in evergreen species such as Hedera helix and Ilex aquifolium. The increase 
in evergreen species has been documented in other studies (Heinken 2019; Heinrichs et al. 2012, Naaf 
& Wulf 2011; Strubelt et al. 2017) and can be related to milder winters, since evergreen species are 
sensitive against low winter temperatures (Dierschke 2005). Therefore, the spread of these species 
can be seen as an indication for the influence of climate change on temperate forest ecosystems 
(Dierschke 2005). The Detrended Correspondence Analysis in this study also supported this theory: 
The longitude of the plots was negatively correlated with the direction of the shift of the plots, i.e. the 
plots ďeĐaŵe ŵoƌe ͞ǁesteƌŶ͟ oǀeƌ the studied period. In Lower Saxony, Western means closer to the 
ocean, consequently stronger atlantic climate and thus, milder winters. Therefore, two potential 
developments are likely to be ongoing here: Development as a consequence of the influence of climate 
change and natural succession to the potential natural vegetation (= (Atlantic) Acidophilous beech 
forests; Kaiser & Zacharias 2003). 
4.2 Summary and conclusion 
4.2.1 Summarized: Winner and loser species  
The winner species in the studied Acidophilous oak forest were particularly N-indicator species, 
evergreen species and shadow-tolerant species (such as Ilex aquifolium, Hedera helix, Dryopteris 
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carthusiana and Urtica dioica). The loser species, instead, were almost all lichen and bryophyte species 
(except e.g. the ubiquistic bryophyte Brachythecium rutabulum) and particularly species depending on 
open soils, indicator species for nutrient-poor soils and relatively light-demanding species (such as 
Galium saxatile, Trientalis europaea, Holcus mollis and Carex pilulifera).  
4.2.2 Summarized: The most important drivers 
The major drivers of the change in species richness and composition were the change in the nutrient 
system (abandonment of tree litter raking as well as eutrophication by N deposition) and the change 
in the management system (from coppicing to high forest management). Climate change might also 
have played an underlying role.  
4.2.3 Nature conservation: Maintenance of bryophyte- and lichen-rich Acidophilous oak forests  
The potential natural vegetation for large parts of the nutrient poor soils in NW Germany would be 
Acidophilous beech forests with or without Ilex aquifolium (habitat types 9110 and 9120 after the 
European Union Habitats Directive). The increase in Fagus sylvatica in the tree and shrub layer 
accompanied by an increase in typical species for the habitat type 9120 (such as Ilex aquifolium, 
Dryopteris carthusiana, Oxalis acetosella and Athyrium filix-femina) can be seen as development in the 
direction to the potential natural vegetation. Also the increase in shade-tolerant and the decrease in 
typical species for the Acidophilous oak forests can be seen as an indication for this. Discussing this, it 
is important to remember the history of these forests. Without the thousands of years of 
anthropogenic influence on these forests, Acidophilous oak forests would probably host different 
species and probably also only occur on sites, where beech cannot grow due to its physiological 
restrictions. Thus, the naturality of these forests can surely be questioned. But since these forests host 
a high diversity of species richness and are highly endangered, they are protected under the European 
Union Habitats Directive. In order to conserve the biodiversity in these forests and thus, fulfill the 
requirements of the Convention on Biological Diversity (https://www.cbd.int/convention/, accessed 
on 30 Mar 2019), management strategies for bryophyte- and lichen-rich Acidophilous oak forests have 
to be developed. Without strategies and with ongoing eutrophication of the soils, the loss of lichen, 
bryophyte and herb layer indicator species for poor soils will continue and lead to a further loss of 
biodiversity.  
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Appendices 
Appendix D1. Abundance (Braun-Blanquet cover-abundance values) of all species in the different 
layers (tree, shrub, herb, moss) in the 56 quasi-permanent plots from Acidophilous oak forests in the 
lowlands of Lower Saxony investigated in 1990 and 1991. 
Appendix D2. Abundance (Braun-Blanquet cover-abundance values) of all species in the different 
layers (tree, shrub, herb, moss) in the 56 quasi-permanent plots from Acidophilous oak forests in the 
lowlands of Lower Saxony investigated in 2014 and 2015. 
Appendix D3. Abiotic parameters of the 56 quasi-permanent plots from Acidophilous oak forests in 
the lowlands of Lower Saxony: Soil pH (pH), contents of the soil nutrients: plant available phosphorus 
(P), magnesium (Mg), calcium (Ca), potassium (K), C/N ratio (C/N). All parameters were measured in 
2014. 
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Chapter 7 
Synthesis 
The four NW German oak forest types 
- Major drivers of vegetation changes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Management 
Eutrophication 
Water balance 
Climate 
Succession 
Fig. 7-1. The four studied oak forest types (91F0, 9170, 9160, 9190) and the potential driving forces of changes in species 
richness and composition. Pictures taken by Ilka Strubelt and bottom left by Andrea Gerken. 
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1. Short introduction to Chapter 7 
The main aim of this thesis was to detect and understand the changes in the vegetation in the different 
oak forest habitat types in NW Germany over the past decades as well as to elucidate the most 
important driving forces of the changes. Vegetation resurveys were conducted in all occurring oak 
forest habitat types in NW Germany (overview of the four resurveys in Table 7-1). The investigated 
forest systems range from communities on nutrient-poor, acidic soils (pH 3.0) over soils with a pH-
value of 4 to nutrient-richer, almost alkaline soils (pH 6.7; Fig. 7-2a). 
The results of the four vegetation resurveys presented in the previous chapters are summarized, 
supplemented by further analyses, and discussed in this chapter. More specifically, this chapter 
provides an overview of the soil properties as well as the most important trends in vegetation in the 
investigated forests. Groups of species which showed an increase (winner species) or a decrease (loser 
species) over the past decades were identified. Multivariate analyses combine all studied (quasi-) 
permanent plots (in total 166 single plots) in order to compare the species composition and the 
similarities and differences in the past investigations and the most recent investigations. The most 
important driving forces of changes in the four studied oak forest systems are described and compared 
with the results of other recent studies of Central European forests.  
 
2. Methods used for Chapter 7 
2.1 Data 
The data used for the analyses in Chapter 7 consist of the four dataset of the research articles 
presented before. The datasets and methods are briefly summarized in this chapter (Table 7-1). 
Detailed methods concerning the sampling of the vegetation and environmental variables can be 
found in the research articles (Chapter 3, 4, 5 and 6).  
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Table 7-1. Overview of the four studied oak forests presented in this thesis with the Natura2000 Code, vegetation type, 
name of the studied forests and the management type, abbreviation used in this chapter, years of investigations, sample and 
plot sizes and the type of resurvey. 
 Alluvial hardwood 
oak forest 
Thermophilous oak-
hornbeam forest 
under coppice-with-
standards 
management  
Sub-Atlantic oak-
hornbeam forest 
– unmanaged 
and managed 
stands 
Acidophilous oak forests 
Natura2000 Code 91F0 9170 9160 9190 
Vegetation type Querco-Ulmetum 
minoris 
Galio-Carpinetum Stellario-
Carpinetum 
loniceretosum 
(POOR) and 
stachyetosum 
(RICH) 
Betulo-Quercetum 
BQ1 = poorer type; 
BQ2 = intermediate type; 
BQ3 = richer type 
Studied forest Haseder Holz Coppice-with-
standards project 
Liebenburg 
Hasbruch Different forests in Lower 
Saxony 
Management Extensive 
management; 
removal of single 
trees (less than 1 per 
ha and year) 
Coppice-with-
standards 
management 
UM = 
unmanaged since 
1989 
M = 
management aim 
preserving oak 
trees 
Different; from 
unmanaged to intensively 
managed 
Abbreviation 91F0 9170 CWS 9160 POOR.UM 
9160 POOR.M 
9160 RICH.UM 
9160 RICH.M 
9190 BQ1 
9190 BQ2 
9190 BQ3 
Research article  Chapter 3 Chapter 4 Chapter 5 Chapter 6 
First investigation in 
year 
1960 1994 1996 1994/1995 
More investigations 
in year(s) 
2002 1995, 1996, 1997, 
1998, 1999, 2000, 
2001, 2002 
- - 
Most recent 
investigation in year 
2012 2013 2016 2014/2015 
Sample size per year 19 12 (11 in 1994) 79 56  
Sample size of the 
subgroups 
- - POOR.UM = 7 
POOR.M = 36 
RICH.UM = 20 
RICH.M = 16 
BQ1 = 18 
BQ2 = 19 
BQ3 = 19 
Plot size  400 m² 400 m² 150-400 m² 300-900 m² 
Precision of resurvey Permanent plots Permanent plots Quasi-permanent 
plots 
Quasi-permanent  
plots 
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2.2 Data analysis 
2.2.1 Software  
All statistical analyses were conducted with Microsoft Excel version 2016, WinSTAT version 
2012.1.0.96 (R. Fitch Software, Bad Krozingen, GE) and R version 3.5.3 (R Foundation for Statistical 
Computing, Vienna, AT). The vegan package 2.5-4 (Oksanen et al. 2019) in R was used for the 
multivariate analyses.  
2.2.2 Analyses concerning the four forest types 
Environmental parameters 
The environmental parameters pH-value (pH), soil C/N ratio (CN), soil contents of calcium (Ca), 
potassium (K), magnesium (Mg) and plant available phosphate (P) measured in 2012-2016 were 
presented in Boxplots (Box: quantile (Q) 25 – Q75; lower whisker: Q0 – Q25; upper whisker: Q75 – 
Q100; line in the box: median) to show the soil conditions of the forest types. The methods used for 
analysing the soil samples were the same in all forest types and are explained in detail in the research 
articles (Chapters 3, 4, 5 and 6). 
Temporal dynamics of species richness and Ellenberg indicator values 
Boxplots (Box: quantile (Q) 25 – Q75; lower whisker: Q0 – Q25; upper whisker: Q75 – Q100; line in the 
box: median) were used to present the temporal dynamics in herb layer species richness and in the 
mean unweighted Ellenberg indicator values (Ellenberg et al. 1992) for nutrients (EIV N), light (EIV L) 
and moisture (EIV F) in the different forest types. The significance levels were analysed before in the 
research articles (t-test, U-test, Wilcoxon-test, fdr correction; for more details, see the research articles 
in Chapters 3, 4, 5 and 6). 
Ellenberg indicator value for nutrients 
The relationship between the change in the mean unweighted EIV N from the first to the most recent 
investigation and the initial EIV N respectively the coverage of the upper tree layer in the most recent 
investigation were analysed with linear models using the lm function in R with Gaussian error 
distribution.  
Species composition  
Species composition of the forest types was analysed by Detrended Correspondence Analysis (DCA, 
Hill & Gauch 1980; length of Axis 1 > 4) with herb layer species from all plots of all investigated forests 
separately for all the former investigations (diagram OLD) and the recent investigation (diagram NEW). 
Mean Braun-Blanquet (1964) respectively Londo (1976) cover class values (expressed as percentage) 
were used. The analysis was conducted with the vegan package 2.5-4 in R using the decorana function 
with default options and no downweighting of rare species. The function ordispider in R was used to 
plot the centroids of the forest types: 91F0 = Alluvial hardwood oak forest; 9170 CWS = Thermophilous 
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oak-hornbeam forest under coppice-with-standards management; 9160 POOR.UM = Sub-Atlantic oak-
hornbeam forest poorer type (Stellario-Carpinetum loniceretosum) unmanaged stands; 9160 POOR.M 
= Sub-Atlantic oak-hornbeam forest poorer type (Stellario-Carpinetum loniceretosum) managed 
stands; 9160 RICH.UM = Sub-Atlantic oak-hornbeam forest richer type (Stellario-Carpinetum 
stachyetosum) unmanaged stands; 9160 RICH.M = Sub-Atlantic oak-hornbeam forest richer type 
(Stellario-Carpinetum stachyetosum) managed stands; 9190 BQ1 = Betulo-Quercetum poorer type; 
9190 BQ2 = Betulo-Quercetum intermediate type; 9190 BQ3 = Betulo-Quercetum richer typ. Mean 
unweighted Ellenberg indicator values for light, nutrients and moisture and for the more recent 
investigations also the measured environmental variables (C/N ratio, ph-value, soil contents of 
magnesium, calcium, potassium and phosphate) were fit post-hoc onto the plot positions in the 
ordination diagram with the function envfit in R. Variables that were significantly correlated (p<0.05) 
with the axes were presented in the diagram.  
 
3. Bringing together the results 
3.1 Site description – environmental variables 
The soils of the studied forests ranged from a mean pH value of 3.0 in the Acidophilous oak forests 
(9190 BQ3) to 6.7 in the Alluvial oak forest (91F0; Fig. 7-2a). The soil pH in the Sub-Atlantic oak-
hornbeam forest (9160) differed between the two vegetation types (3.3 in the nutrient-poorer stands 
versus 4.3 in the richer stands). The mean C/N ratio was lowest in the Alluvial oak forest (13.2) and 
highest in the Acidophilous oak forests (24.2) with the Thermophilous and Sub-Atlantic oak-hornbeam 
forest in between with 16.5 (9170) and 15.1 (9160 POOR) respectively 17.2 (9160 RICH; Fig. 7-2b). The 
mean calcium content was with 980 mg ∙ 100 g-1 soil highest in the Thermophilous oak-hornbeam 
forests, followed by the Alluvial oak forest with 804 mg ∙ 100 g-1 (Fig. 7-2c). The soils of the Sub-Atlantic 
oak-hornbeam and the Acidophilous oak forests had lower mean calcium contents per 100 g soil 
(mg ∙ 100 g-1: 9160 POOR: 103 mg; 9160 RICH: 13 mg; 9190 BQ1: 47 mg; 9190 BQ2: 49 mg; 9190 BQ3: 
44 mg). Potassium was highest in the soils of the Thermophilous oak-hornbeam forest with a mean 
value of 30 mg ∙ 100 g-1 soil and lowest in the nutrient-poor stands of the Sub-Atlantic oak-hornbeam 
forest (Fig. 7-2d). The soil magnesium content was with mean values of 40 mg ∙ 100 g-1 soil and 43 mg 
highest in the Alluvial oak forest and the Thermophilous oak-hornbeam forest and with 10 mg lowest 
in the Acidophilous oak forests (Fig. 7-2e). The highest amounts of plant available soil phosphate were 
found in the Alluvial oak forest with a mean value of 5.5 mg ∙ 100 g-1 soil and in the richer stands of the 
Sub-Atlantic oak-hornbeam forest with a mean value of 4.3 mg (Fig. 7-2f). The lowest phosphate 
contents were found in the Thermophilous oak-hornbeam forest (1.3 mg). 
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Figures 7-2 a-f. Environmental variables (a) pH, b) C/N ratio, c) calcium content in the soil, d) potassium content in the soil,  
e) magnesium content in the soil, f) plant available phosphate content in the soil) of the investigated forests: 91F0: Alluvial oak 
forest; 9170: Thermophilous oak forest under coppice-with-standards management; 9160: Sub-Atlantic oak-hornbeam forest in 
richer and poorer expressions (RICH and POOR), 9190: Acidophilous oak forests in different expressions  (BQ1: poorer type;  BQ2: 
intermediate type; BQ3: richer type). Boxplots with 100 % of the values are presented; 50 % of the values are in the box, the border 
of colours shows the median.  
 
a)                                                                                          b) 
e)                                                                                          f) 
c)                                                                                          d) 
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3.2 Temporal dynamics 
3.2.1 Most important trends in the four oak forest types 
Herb layer species richness increased in the Alluvial oak forest, in the Thermophilous oak forest under 
coppice-with-standards management and the poorest stands of the Acidophilous oak forest  
(summarized in Table 7-2; Fig. 7-3). In contrast, a decrease in herb layer species richness was found in 
the unmanaged nutrient-rich stands of the Sub-Atlantic oak-hornbeam forests as well as in the richer 
stands of the Acidophilous oak forests. The shrub layer coverage decreased in the Alluvial oak forest 
and increased in the Sub-Atlantic oak-hornbeam and in the Acidophilous oak forests. Herb layer 
coverage only increased in the managed nutrient-poorer stands of the Sub-Atlantic oak-hornbeam 
forest and decreased or remained the same in all other forest types. While the Ellenberg indicator 
value for nutrients (EIV N) decreased or remained the same in the initally nutrient-richer forest types 
(Alluvial oak forest, Thermophilous oak-hornbeam forest, richer stands of the Sub-Atlantic oak-
hornbeam forest), an increase was found for the initially poorer communities (Acidophilous oak forests 
and the nutrient-poorer stands of the Sub-Atlantic oak-hornbeam forests; Fig. 7-4). The Ellenberg 
indicator value for light (EIV L) decreased in the Alluvial oak forest and in the Acidophilous oak forests. 
An increase was found for the Thermophilous oak-hornbeam forest under coppice-with-standards 
management (Fig. 7-5). The Ellenberg indicator value for moisture (EIV F) decresed in the Alluvial oak 
forest and in the unmanaged nutrient-richer stands in the Sub-Atlantic oak-hornbeam forest and 
increased in the managed nutrient-poor stands in the Sub-Atlantic oak-hornbeam forest and in the 
poorest stands of the Acidophilous oak forests (Fig. 7-6). 
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Table 7-2: Most important trends in the four oak forest types in NW Germany over the past decades. Summarized results 
of the four research articles presented in this thesis. 91F0 = Querco-Ulmetum; Alluvial hardwood oak forest; 9170.CWS = 
Galio-Carpinetum; Thermophilous oak-hornbeam forest under coppice-with-standards management; 9190: Stellario-
Carpinetum; Sub-Atlantic oak-hornbeam forest; UM = unmanaged stands; M = managed stands; RICH: Stellario-Caprinetum 
stachyetosum; POOR = Stellario-Caprinetum loniceretosum; 9190 = Betulo-Quercetum, 9190: Acidophilous oak forests in 
different expressions (BQ1: poorer type; BQ2: intermediate type; BQ3: richer type). The most important trends in species 
richness, coverage of the shrub and herb layer, Ellenberg indicator values for nutrients (EIV N), light (EIV L) and moisture (EIV 
F) for each forest type are given and highlighted with colours (red = decrease; green = increase; grey = no change). 
Forest habitat 
type 
91F0 9170 9160 
RICH.UM; RICH.M; 
POOR.UM; 
POOR.M 
9190 
BQ1; BQ2; BQ3 
Most important trends 
Herb layer 
species 
richness 
Increase, 
particularly in 
plots with 
relatively low 
nutrient contents 
 
Increase Decrease in 
RICH.UM 
 
No change in 
other types 
 
Increase in BQ1 
 
 
Decrease in BQ3 
Shrub layer 
coverage 
 
Decrease No change Increase 
 
 
 
Increase 
Herb layer 
coverage 
No change Decrease Increase in 
POOR.M 
 
No change in 
other types 
 
Decrease in BQ2 
and BQ3 
EIV N No change Decrease Increase in 
POOR.M 
 
Decrease in 
RICH.M 
 
Increase  
(the less the inital 
EIV N, the higher 
the increase) 
EIV L Decrease Increase Increase in both M 
types 
 
Decrease in 
RICH.UM 
 
Decrease 
EIV F Decrease No change Increase in 
POOR.M 
 
Decrease in 
RICH.UM 
Increase in BQ1 
Other 
important 
trends 
  
 
 
 
 
Lichen and 
bryophyte species 
diversity 
decreased 
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Fig. 7-4. Changes in the Ellenberg indicator value for nutrients (EIV N) in the four oak forest types in NW Germany over the 
past decades. Summarized results of the four research articles presented in this thesis. Values for the initial and the most 
recent investigation are given. 91F0: Alluvial oak forest; 9170: Thermophilous oak forest under coppice-with-standards 
management; 9160: Sub-Atlantic oak-hornbeam forest in richer and poorer expressions (RICH and POOR), unmanaged (UM) 
and managed stands (M); 9190: Acidophilous oak forests in different expressions (BQ1: poorer type; BQ2: intermediate type; 
BQ3: richer type). Boxplots with 100 % of the values are presented; 50 % of the values are in the box, the border of colours 
shows the median. * = significant differences between the two studied years (p<0.05). 
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Fig. 7-3. Changes in the herb layer species richness in the four oak forest types in NW Germany over the past decades. 
Summarized results of the four research articles presented in this thesis. Values for the initial and the most recent 
investigation are given. 91F0: Alluvial oak forest; 9170: Thermophilous oak forest under coppice-with-standards 
management; 9160: Sub-Atlantic oak-hornbeam forest in richer and poorer expressions (RICH and POOR), unmanaged (UM) 
and managed stands (M); 9190: Acidophilous oak forests in different expressions (BQ1: poorer type; BQ2: intermediate type; 
BQ3: richer type). Boxplots with 100 % of the values are presented; 50 % of the values are in the box, the border of colours 
shows the median. * = significant differences between the two studied years (p<0.05). 
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Fig. 7-5. Changes in the Ellenberg indicator value for light (EIV L) in the four oak forest types in NW Germany over the past 
decades. Summarized results of the four research articles presented in this thesis. Values for the initial and the most recent 
investigation are given. 91F0: Alluvial oak forest; 9170: Thermophilous oak forest under coppice-with-standards 
management; 9160: Sub-Atlantic oak-hornbeam forest in richer and poorer expressions (RICH and POOR), unmanaged (UM) 
and managed stands (M); 9190: Acidophilous oak forests in different expressions (BQ1: poorer type; BQ2: intermediate type; 
BQ3: richer type). Boxplots with 100 % of the values are presented; 50 % of the values are in the box, the border of colours 
shows the median. * = significant differences between the two studied years (p<0.05). 
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Fig. 7-6. Changes in the Ellenberg indicator value for moisture (EIV F) in the four oak forest types in NW Germany over the 
past decades. Summarized results of the four research articles presented in this thesis. . Values for the initial and the most 
recent investigation are given. 91F0: Alluvial oak forest; 9170: Thermophilous oak forest under coppice-with-standards 
management; 9160: Sub-Atlantic oak-hornbeam forest in richer and poorer expressions (RICH and POOR), unmanaged (UM) 
and managed stands (M); 9190: Acidophilous oak forests in different expressions (BQ1: poorer type; BQ2: intermediate type; 
BQ3: richer type). Boxplots with 100 % of the values are presented; 50 % of the values are in the box, the border of colours 
shows the median. * = significant differences between the two studied years (p<0.05). 
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3.2.2 Winner and loser species 
Apart from the Thermophilous oak-hornbeam forests under coppice-with-standards management, 
evergreen species (such as Hedera helix) were the winner species in all studied oak forest types (Table 
7-3). In the Alluvial oak forest and the Thermophilous oak-hornbeam forest, particularly young trees 
and shrubs showed a strong increase (such as Acer pseudoplatanus, Fagus sylvatica, Euonymus 
europaeus). In the Alluvial oak forest also the group of true forest species (following the definition of 
Schmidt et al. 2011) increased (e.g. Carex sylvatica, Paris quadrifolia). Indicator species for 
disturbances (e.g. Juncus effusus) belonged to the winner species in the Sub-Atlantic oak-hornbeam 
forest. In the Acidophilous oak forest, particularly N-indicator (such as Urtica dioica, Rubus fruticosus) 
increased next to ubiquistic fern (Dryopteris carthusiana and D. dilatata) and bryophyte species 
(Brachythecium rutabulum). In all forest types – except the Acidophilous oak forests – water-
demanding species or species that tend to be sensitive against dry periods (Primula elatior, Stachys 
sylvatica, Adoxa moschatellina) belonged to the loser species. Besides those, relatively light-
demanding open habitat species (following the definition of Schmidt et al. 2011; Galeopsis bifida, G. 
tetrahit, Lamium maculatum, Galium saxatile) were loser species in all forest types, except the 
Thermophilous oak-hornbeam forest. In the Acidophilous oak forests, species depending on open soils 
and/or relatively light conditions, such as the herb layer species Carex pilulifera, Luzula multiflora and 
Holcus mollis as well as bryophyte and lichen species showed strong decreases.  
Table 7-3. Winner and loser species in the four oak forest types in NW Germany over the past decades. Results of the four 
research articles presented in this thesis. 91F0: Alluvial hardwood oak forest; 9170: Thermophilous oak-hornbeam forest 
under coppice-with-standards management; 9160: Sub-Atlantic oak-hornbeam forest; 9190: Acidophilous oak forests. 
Groups of species are classified using Ellenberg indicator values (Ellenberg et al. 1992); the species list of forest vascular plants 
in Germany (Schmidt et al. 2011); for Carex digitata: Tyler 2002; for type 9190 also Heinken (1995). 
Forest 
ecosytem 
91F0 9170 9160 9190 
Winner species Tree and shrub 
regeneration: 
Ribes rubrum, 
Euonymus 
europaeus, Fagus 
sylvatica, Corylus 
avellana, Acer 
pseudoplatanus 
 
True forest species: 
Carex sylvatica, 
Gagea lutea,  
Paris quadrifolia 
Mercurialis perennis, 
Polygonatum 
multiflorum 
 
Evergreen species: 
Hedera helix 
Tree and shrub 
regeneration: 
Quercus robur, 
Euonymus 
europaeus, Acer 
campestre, Acer 
pseudoplatanus, 
Fagus sylvatica, 
Rubus idaeus, 
Fraxinus excelsior 
 
Prefers open forests 
with outcrops of 
calcareous bedrock: 
Carex digitata 
Evergreen species: 
Ilex aquifolium, 
Rubus fruticosus, 
Hedera helix 
 
Disturbance 
indicator species: 
Juncus effusus,  
Hypericum 
maculatum 
 
Neophytic species: 
Impatiens parviflora 
N-indicator and 
evergreen species: 
Ilex aquifolium, 
Rubus fruticosus, R. 
idaeus, Hedera helix, 
Urtica dioica Juncus 
effusus, Acer 
pseudoplatanus 
 
Ubiquistic fern 
species: 
Dryopteris 
carthusiana, D. 
dilatata 
 
Ubiquistic 
bryopyhte: 
Brachythecium 
rutabulum 
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Forest 
ecosytem 
91F0 9170 9160 9190 
Loser species Open habitat 
species: 
Galeopsis tetrahit, 
Deschampsia 
cespitosa, Lamium 
maculatum 
 
Water-demanding 
species: 
Primula elatior, 
Stachys sylvatica, 
Lysimachia 
nummularia, Circaea 
lutetiana 
Species that tend to 
be sensitive against 
dry periods (in terms 
of nutrient and 
water supply): 
Adoxa 
moschatellina, 
Pulmonaria obscura, 
Galium odoratum, 
Chaerophyllum 
temulum, Myosotis 
sylvatica, 
Galium aparine, 
Aethusa cynapium  
Water-demanding 
species: 
Primula elatior, 
Festuca gigantea 
 
Open habitat 
species: 
Galeopsis bifida, 
Geum urbanum 
Lichen and 
bryophyte species: 
Dicranella 
heteromalla, Pohlia 
nutans, 
Plagiothecium 
laetum, Dicranum 
scoparium, Cladonia 
pyxidata, C. 
coniocraea 
 
Species depending 
on open soils, 
indicator species for 
nutrient-poor soils & 
light-de-manding 
species: 
Galium saxatile, 
Holcus mollis, Carex 
pilulifera, Agrostis 
capillaris, Luzula 
multiflora, Festuca 
ovina, Trientalis 
europaea 
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3.2.3 Changes in the Ellenberg indicator value for nutrients 
The change in the Ellenberg indicator value for nutrients (EIV N) was negatively related to the initial 
EIV N (Fig. 7-7a). The higher the initial EIV N the lower the increase over the past decades. No significant 
relationship between the coverage of the upper tree layer and the change in EIV N was found, 
indicating that the increase of EIV N did not depend on the openness of the canopy in the studied oak 
forests (Fig. 7-7b).  
 
 
 
 
 
 
 
 
 
  
 
 
3.3 Species composition of the four different oak forest habitat types 
The DCA ordination of the former investigations showed a separation of the different forest types 
along axis 1 and axis 2 with gradient lengths of 7.3 for axis 1 and 4.2 for axis 2 (Fig. 7-8). While the plots 
of the types 91F0 (Alluvial oak forest) and 9170 (Thermophilous oak-hornbeam forest) were relatively 
close to each other, plots of 9160 (Sub-Atlantic oak-hornbeam forest) separated clearly into the groups 
9160 RICH and 9160 POOR. Within the group 9190 (Acidophilous oak forests) the separation was visible 
between 9190 BQ3 against BQ2 and BQ1. The first DCA axis was negatively correlated with EIV N and 
positively correlated with EIV L. The second axis was positively correlated with EIV F. Plots of the 
Alluvial oak forest (91F0) were arranged in the upper part in the left hand side of the diagram (higher 
EIV N and F and lower EIV L), whereas plots of the Acidophilous oak forests (9190) were arranged in 
the lower part in the right hand side of the diagram (lower EIV N and F and higher EIV L). Plots of the 
Thermophilous oak-hornbeam forest (9170) and the Sub-Atlantic oak-hornbeam forest (9160 RICH and 
POOR) were arranged more in the middle of axis 1 in the diagram. Plots of the type 9170 were 
Fig. 7-7. Relationship between the initial Ellenberg indicator value for nutrients (EIV N; a) ) respectively the coverage of the 
upper tree layer [%] of the most recent investigation (b) ) and the change in EIV N (Delta EIV N) from the initial investigation 
(1990; 1990; 1994; 1996) to the recent investigation (2012; 2013; 2014; 2016). 91F0: Alluvial oak forest; 9170: Thermophilous 
oak forest under coppice-with-standards management; 9160: Sub-Atlantic oak-hornbeam forest in richer and poorer 
expressions (RICH and POOR), unmanaged (UM) and managed stands (M); 9190: Acidophilous oak forests in different 
expressions (BQ1: poorer type; BQ2: intermediate type; BQ3: richer type). The results of a linear model (R²adj.; p-value) are 
given for a). For b) no significant relationship was found.  
a)                                                                                                b) 
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organised in the lower part (lower EIV F values), plots of the type 9160 RICH in the upper part (higher 
EIV F) and plots of the type 9160 POOR between these two groups. There was no clear separation 
regarding the management type within the plots of group 9160 (managed versus unmanaged). 
The DCA ordination of the most recent investigation showed a separation regarding the different forest 
types mainly along axis 1 (Fig.7-9). The arrangement of the groups along axis 1 remained the same 
compared to the diagram of the older investigations (Fig. 7-8 and 7-9). The gradient lengths were 6.3 
for axis 1 and 3.3 for axis 2, indicating that both gradients have shortened from the first investigations 
to the more recent investigation (i.e. the studied plots have become more similar to each other). The 
plots of the types 91F0 and 9170 formed a relatively close group each, whereas plots of the types 9160 
and 9190 were more widespread. The plots of the type 9160 were separated into the vegetation type 
(RICH and POOR) but not into the management type (managed versus unmanaged). The plots of group 
9190 showed a weak separation into BQ3 against BQ1 and BQ2 but less clearly than in the former 
investigations. The first DCA axis was negatively correlated with Ca, Mg, K, pH and EIV N and positively 
correlated with the C/N ratio and EIV L and therefore, represents a nutrient and base gradient. Axis 2 
was negatively correlated with EIV F and P and therefore, represents a base and moisture gradient. 
Plots of the Alluvial oak forest were arranged in the left hand side of the diagram (i.e. higher amount 
of soil nutrients, higher pH), whereas plots of the Acidophilous oak forest were arranged in the right 
hand side of the diagram (higher C/N ratio and higher EIV L). The plots of the Sub-Atlantic oak-
hornbeam forest and the Thermophilous oak-hornbeam forest were arranged in between.  
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Fig. 7-8. DCA. Detrended Correspondence Analysis of the herb layer species composition of the 166 forest plots in the four 
oak forest types in NW Germany, investigated in 1960 and 2002 (91F0); 1990 (9190); 1994 - 2002 (9170); 1996 (9160). 91F0: 
Alluvial oak forest; 9170: Thermophilous oak forest under coppice-with-standards management; 9160: Sub-Atlantic oak-
hornbeam forest in richer and poorer expressions (RICH and POOR), unmanaged (UM) and managed stands (M); 9190: 
Acidophilous oak forests in different expressions (BQ1: poorer type; BQ2: intermediate type; BQ3: richer type). Plots of one 
forest type are connected with lines from the centroid. Eigenvalues: axis 1 – 0.8240, axis 2 – 0.5926; gradient lengths: axis 1 – 
7.2688, axis 2 – 4.1588. Ellenberg indicator values for light (EIV.L), nutrients (EIV:N) and moisture (EIV.F) were fitted post-hoc 
onto the plot positions in the ordination diagram. 
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Fig. 7-9. DCA. Detrended Correspondence Analysis of the species composition of the 166 forest plots in the four oak forest 
types in NW Germany, investigated in 2012 (91F0); 2014/15 (9190); 2013 (9170); 2016 (9160). ). 91F0: Alluvial oak forest; 
9170: Thermophilous oak forest under coppice-with-standards management; 9160: Sub-Atlantic oak-hornbeam forest in 
richer and poorer expressions (RICH and POOR), unmanaged (UM) and managed stands (M); 9190: Acidophilous oak forests 
in different expressions (BQ1: poorer type; BQ2: intermediate type; BQ3: richer type). Plots of one forest type are connected 
with lines from the centroid. Eigenvalues: axis 1 – 0.8129, axis 2 – 0.3453; gradient lengths: axis 1 – 6.3025, axis 2 – 3.2540. 
Ellenberg indicator values for light (EIV.L), nutrients (EIV.N) and moisture (EIV.F) as well as environmental variables (pH-value, 
C/N ratio, Ca, K, Mg and P) were fitted post-hoc onto the plot positions in the ordination diagram. 
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3.4 Frequencies of Fagus sylvatica and Quercus spp. 
In the most recent investigations, Quercus robur and Q. petraea were frequent in the upper tree layer 
(T1) and in the herb layer (H) throughout the different oak forest types, but were missing in the lower 
tree (T2) and the shrub (S) layer in almost all types (Fig. 7-10). Oak trees in the lower tree or shrub 
layer were only found in the Thermophilous oak-hornbeam forest under coppice-with-standards 
management and the Acidophilous oak forests. Fagus sylvatica occurred almost in all types in every 
layer (tree, shrub and herb layer). These results were similar in the initial investigations (figures can be 
found in Appendix E1 and E2).  
 
Fig. 7-10. Frequencies [%] of Quercus robur et petraea (yellow) and Fagus sylvatica (red) in the different layers (T1: upper 
tree layer; T2: lower tree layer; S: shrub layer; H: herb layer) in the four oak forest types and their subgroups in the most 
recent investigations. 91F0: Alluvial oak forest; 9170: Thermophilous oak forest under coppice-with-standards management; 
9160: Sub-Atlantic oak-hornbeam forest in richer and poorer expressions (RICH and POOR), unmanaged (UM) and managed 
stands (M); 9190: Acidophilous oak forests in different expressions (BQ1: poorer type; BQ2: intermediate type; BQ3: richer 
type). The frequencies of both species in the initial investigation can be found in Appendix E1. 
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4. Discussion  
4.1 Temporal vegetation dynamics 
Contrary to common trends in Central European forests (Baeten et al. 2010; Becker et al. 2017; Hédl 
et al. 2010; Kopecký et al. 2013; Mölder et al. 2014; Müllerová et al. 2015; Schmidt & Heinrichs 2015; 
Schulze et al. 2015), we found an increase or no significant changes in the mean herb layer species 
richness in almost all studied oak forest types. Species richness decreased in the plots of the 
unmanaged nutrient-rich Sub-Atlantic oak-hornbeam forest (9160 RICH.UM) and in the nutrient-richer 
type of the Acidophilous oak forests (9190 BQ3) solely. In the studied oak forests, the increase in mean 
plot species richness was mainly caused by an increase in shadow-tolerant species, evergreen species 
and tree regeneration. An increase in species richness in forests was found in a few other studies and 
was mainly attributed to an increase in the frequency of nitrophilous species caused by soil 
eutrophication (e.g. Thimonier et al. 1994; Van Calster et al. 2008). The reasons for the decline in 
species richness in other studies were mainly the increased shade due to canopy closure caused by a 
change in management (Baeten et al. 2010; Becker et al. 2017; Haveman & Schaminée 2005; Hédl et 
al. 2010; Kopecký et al. 2013; Van Calster et al. 2008), eutrophication of the soils (Baeten et al. 2010; 
Becker et al. 2017; Verstraeten et al. 2012) and increasing deer populations (Fuller & Gill 2001; Hédl et 
al. 2010). The common shifts in vegetation in Central European forests over the past decades include 
next to the increase in shade-tolerant and nutrient-demanding species (Baeten et al. 2009; Brunet et 
al. 1997; Diekmann 2010; Diekmann & Dupré 1997; Perring et al. 2018; Thimonier et al. 1994; Verheyen 
et al. 2012; Verstraeten et al. 2012), an increase in tree regeneration (Becker et al. 2017; Schmidt & 
Heinrichs 2015) as well as a decrease in light-demanding and thermophilous species (Hédl et al. 2010; 
Kopecký et al. 2013; Müllerová et al. 2015). This indicates that the most important drivers of vegetation 
shift in Central European forests currently are the change in the management system as well as 
eutrophication of the soils. Eutrophication and the change in the management system were also major 
drivers in the studied oak forests. Additionally, the water supply was an important driver in some of 
the investigated forests. However, the effects of drivers differ strongly between the different oak 
forest ecosystems, indicating that drivers and their effects are both forest type and site-specific. Below, 
I first summarize and discuss the major drivers and their effects on the vegetation in the four studied 
oak forest systems (Chapter 4.2). This is followed by a discussion of the question under which 
circumstances a potential driver has an effect on the vegetation in a certain forest system (Chapter 
4.3).  
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4.2 Major driving forces of vegetation changes in the different oak forests 
4.2.1 Alluvial hardwood oak forest 
The decrease of water-demanding species on the one hand and light-demanding open habitat species 
on the other hand indicates that the most important driving forces of the changes in vegetation in the 
Alluvial oak forest were the decreased light availabilty due to the cessation of coppicing in the middle 
of the last century and the decreased water availabilty in the soil. The decrease of light-demanding 
species and the increase of shadow-tolerant species as a result of the change in management is in line 
with the common trends for Central European forests (e.g. Becker et al. 2017; Hédl et al. 2010; 
Verheyen et al. 2012; Vojík & Boublik 2018). Decreased water supply is usually not mentioned as a 
major driver of vegetation changes for the zonal vegetation types. However, Alluvial mixed oak forests 
as azonal vegetation type of the river floodplains – are characterized by regular floodings and changes 
in the groundwater level (from very high to low in dry periods; Ellenberg & Leuschner 2010). The 
duration and depth of floodings and the groundwater level are limiting factors for species in floodplains 
(Day et al. 1988; Mountford & Chapman 1993) and thus, only species that are adapted to these 
conditions can survive in the alluvial ecosystems (Day et al. 1988; Dister 1983; Ellenberg & Leuschner 
2010). But when plants (species) are adapted to these conditions they benefit from the regular nutrient 
supply by floodings and the high groundwater level (Ellenberg & Leuschner 2010; Penka et al. 1985). 
Alluvial mixed oak forests consequently strongly depend on the influence of the water (high 
groundwater level, regular floodings) and show strong vegetation shifts when the water regime 
changes (Deiller et al. 2001; Glaeser & Wulf 2009; Härdtle et al. 2003; Leyer 2004; Schnitzler et al. 
1991; Strubelt & Zacharias 2015; Trémolières et al. 1998; Van Looy et al. 2003). Floodplains have been 
heavily affected by human activities in the form of river deepening and regulation as well as lowering 
of the ground water level, which has resulted in a strong reduction of natural floodplains (Brunotte et 
al. 2009; Ellenberg & Leuschner 2010). The consequences of decreased or absent floodings are an 
increase in flood-intolerant tree species and strong shifts in the herb layer (Deiller et al. 2001; Glaeser 
& Wulf 2009; Schnitzler et al. 1991; Trémolieres et al. 1998). Since the frequency of floodings in the 
studied Alluvial oak forest has not decreased over the last years, the decreased water supply probably 
resulted from the ditches that surround the forest in order to drain the surrounding agricultural land. 
This drainage system has been deepened over the past decades (M. Stübe, pers. comm. ͞nature 
ĐoŶseƌǀatioŶ authoƌitǇ͟Ϳ. Vegetation changes (i.e. decline of moisture-demanding species) caused by 
lowering of the groundwater table were also found in other studies (e.g. Lameire et al. 2000: alluvial 
forest in Belgium; Kazda 1995: alder fen in Germany; Van Tol et al. 1998:  Dutch forests). 
In contrast to findings in several other studies of Central European forests (e.g. Hédl et al. 2010; Perring 
et al. 2018; Verstraeten et al. 2013), no eutrophication effects on the vegetation have been found in 
the studied Alluvial forest. Verheyen et al. (2012) stated that effects of increasing N deposition might 
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be obscured by increasing canopy cover, since nutrient-demanding species are often also relatively 
light-demanding species (Ellenberg et al. 1992). Bernhardt-Römermann et al. (2015) hypothesized that 
in nutrient-richer ecosystems nitrogen-induced changes had probably already occurred before the first 
survey and can thus, not be detected in studies afterwards. The most likely explanation for the studied 
Alluvial oak forest is that the ecosystem is adapted to nutrient-rich conditions (i.e. not N limited; 
regular nutrient input due to floodings, high mineralization rates and a high groundwater level) and 
consequently does not show effects (in terms of vegetation shifts) to increasing nutrient supply. This 
hypothesis is consistent with the suggestion of Bobbink et al. (1998) that plant communities on wet 
soils with a high base cation availability show a lower sensitivity to atmospheric N deposition.   
4.2.2 Thermophilous oak-hornbeam forest with coppice-with-standard management 
The major drivers in the Thermophilous oak-hornbeam forest with restored coppice-with-standard 
management were the light dynamics and the disturbances caused by the management system. The 
restoration of the coppice-with-standard management with its alternation of light and shaded phases 
led to an increase in species richness over the last decades. Despite the highly dynamic management 
system, which is characterized by regular human-induced disturbances, the species composition was 
remarkably constant. This system showed a typical dynamic between these disturbances: 
1) a continuous increase in shrub layer coverage as a result of increased light availability and 
2) an increase in herb layer coverage and species richness with a maximum in three to four years after 
coppicing. Similar dynamics have been found in other coppicing restoration monitorings (Hédl et al. 
2017; Mason & Macdonald 2002). However, the existing studies revealed that the increase in species 
richness after coppicing was mainly due to an increase in weedy, nitrogen-demanding species (Hédl et 
al. 2017) and ruderal species (Vild et al. 2013). Some studies also found an increase in alien species 
after coppicing (Hédl et al. 2017; Radtke et al. 2013). Contrarily, the increase in species richness after 
coppicing in our study mainly resulted from an increase in open habitat and forest species (group 2.1 
after the classification of Schmidt et al. 2011). We did not find an increase in N-demanding species 
neither after coppicing nor over the past decades, even though the N deposition in the area exceed 
the critical loads (annual N deposition: 17 kg ∙ ha-1 ∙ year-1; https://gis.uba.de/website/depo1/; 
accessed 15 May 2019; critical loads for N deposition in forests: 10 – 15 kg ∙ ha -1 ∙ year-1; Bobbink et al. 
2010). Verheyen et al. (2012) assumed that opening the canopy will lead to a release of nitrogen 
accumulated in the soil resulting in an increase in ruderal, N-demanding species. This scenario did not 
happen in the studied forest. N-demanding species did not play an important role in this system, 
probably resulting from the low water storage capacity of the limestone rendzina, which does not 
provide sufficient water and nutrients for these species. Therefore, no eutrophication effects were 
visible in this forest system. The decrease of species that are sensitive against dry periods also indicates 
a decrease in the water supply over the past decades, which might be related to the increasing 
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temperatures and increasing solar radiation caused by climate change. Also the restoration of the 
coppice-with-standards management could be related to the decrease in these species, since the 
microclimate under closed canopies is known to be cooler and moister compared to coppice-with-
standards stands (Scolastri et al. 2017). Another possible explanation for the lack of eutrophication 
effects after opening the canopy could be the regular output of nutrients in form of coppicing, but this 
contradicts the findings of other coppice restoration experiments where N-demanding species were 
increasing (Hédl et al. 2017; Vild et al. 2013). 
4.2.3 Sub-Atlantic oak-hornbeam forest 
The drivers and their effects in the studied Sub-Atlantic oak-hornbeam forest strongly depended on 
the vegetation and management type. In the nutrient-poorer stands eutrophication played an 
important role, indicated by an increase in the Ellenberg indicator value for nutrients (EIV N) as well as 
in an increase in N-demanding species. This probably resulted from the N deposition, since the critical 
loads for forests are exceeded (annual N deposition in the Hasbruch forest: 28 kg ∙ ha-1 ∙ year-1 
https://gis.uba.de/website/depo1/ accessed 16 May 2019; critical loads: 10 – 15 kg ∙ ha -1 ∙ year-1; 
Bobbink et al. 2010). This is in line with the common trends in Central European forests (Baeten et al. 
2010; Becker et al. 2017; Hédl et al. 2010; Perring et al. 2018; Verstraeten et al. 2012). However, the 
nutrient-richer stands with a better water supply in the studied forest did not show eutrophication 
effects but instead a decrease in EIV N. The explanation of Verheyen et al. (2012) that eutrophication 
effects can be obscured by increasing canopy cover cannot be applied here, since the coverage of the 
upper tree layer increased throughout all groups. Since the richer stands in the studied forest stand on 
soils with a good base- and nutrient supply (Hastedt 2009), it could be assumed that the same 
explanation as for the Alluvial oak forest can be applied here: Systems that are adapted to nutrient-
rich conditions (i.e. not N limited), such as wet areas with a high N mineralization, do not show 
eutrophication effects. The decrease in EIV N together with the decrease in the Ellenberg indicator 
value for moisture (EIV F) and the pH-value could also be related to the decreased water supply in the 
richer stands in the studied forest, since the water contains high amounts of dissolved nutrients. The 
decreased water supply is probably caused by a lowering of the groundwater level and by the drainage 
measures in the forest (Hastedt 2009). This shows that a lack of eutrophication effects is not 
necessarily due to the obscuration by increased canopy cover. Lamiere et al. (2000) showed that after 
lowering of the groundwater table and an accompanied decrease in the soil moisture the indicator 
value for nitrogen increased in an alluvial forest. They attribute this to an increased N mineralization 
through aeration (summarized in Lamiere et al. 2000). However, the described process (increased N 
mineralization as a consequence of desiccation) applies for soils that are wetter than the soils in our 
study (such as bogs; fens or other wetlands; Williams & Wheatley 1998; Grootjans et al. 1986).  
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The decrease in the Ellenberg indicator values for nutrients and moisture and pH-value accompanied 
by a decrease in water-demanding species were the strongest changes in the nutrient-richer stands. 
This indicates that a change in the water regime was the most important driver for changes in these 
forest stands, which is consistent with the findings of the vegetation resurvey in the Alluvial oak forest. 
Therefore, it can be assumed that in strongly (ground-)water influenced systems water is an important 
driver of changes in vegetation (Härdtle et al. 2003; Kazda 1995; Lameire et al. 2000; NLWKN 2009; 
Van Tol et al. 1998). 
Independently of the vegetation type, in managed stands disturbance-indicator species, shrub-layer 
species richness as well as Ellenberg indicator value for light (EIV L) increased, indicating management 
as a driver for changes. The increase of light-demanding and disturbance-indicator species after 
management operations is a common process in forests (e.g. Boch et al. 2013; Heinrichs & Schmidt 
2009). In contrast, the canopy cover increase was an important change in the unmanaged stands, 
which is a common trend in unmanaged forests in Central Europe and usually followed by a decrease 
in species diversity (Fischer et al. 2009; Mölder et al. 2014; Schmidt 2005). 
The unmanaged stands of the richer community showed the strongest changes since next to the 
decreased water supply also the light availability decreased (due to increase in coverage and frequency 
of Fagus sylvatcia) and caused a decrease in particularly water-, nutrient and light-demanding species. 
These stands showed the highest losses in species diversity in this forest. 
4.2.4 Acidophilous oak forest 
Acidophilous forest ecosystems on nutrient-poor soils have faced strong changes in terms of nutrients 
over the past decades (Dittmann et al. 2018; Glatzel 1991; Heinken 2019; Medwecka-Kornaś & 
Gawroński, 1990, 1991; Reinecke et al. 2014). Tree litter raking, which was a common management 
practice over centuries and led to a regular nutrient output, was largely abandoned in the middle of 
the last century (Dzwonko & Gawrónski 2002; Glatzel 1991; Härdtle et al. 2004; Heinken 1995; 
McGrath et al. 2015). The long period of litter raking led to a degradation of the soils (particularly in 
terms of soil contents of phosphate, magnesium and calcium; Dzwonko & Gawroński 2002) and to 
large areas of open soils, which provided habitats for bryophytes and lichens that grow on open soil 
(Dzwonko & Gawroński 2002; Ellenberg & Leuschner 2010; Härdtle et al. 2004; Fischer et al. 2015; Vild 
et al. 2015). These nutrient-poor soils do not favour the growth of competitive herb species that can 
outcompete the bryophytes and lichens (Bobbink et al. 1998). Several studies revealed the positive 
effect of tree litter removal on diversity of vascular and bryophyte species (De Vries et al. 1995; 
Dzwonko & Gawrónski 2002; Eriksson 1995; Wilke et al. 1993). It can be assumed that the species 
composition and particularly the diversity in bryophyte and lichen species in these nutrient-poor 
systems are a result of the degradation of the soils and that these forest communities represent a 
Chapter 7 - Synthesis 
 
191 
 
degradation phase (Dzwonko & Gawroński 2002; Ellenberg & Leuschner 2010; Heinken 1995; Reinecke 
et al. 2014). Over the last decades, lichen species almost completely disappeared and bryophyte 
species diversity decreased in the studied forests, which might indicate that even though tree litter 
raking was already abandoned in the middle of the last century, the effects of the abandonment were 
still visible in the forests. A strong decline of lichen and/or bryophyte species diversity has been found 
in lichen pine forests (Fischer et al. 2015), high-montane spruce forests (Dittrich et al. 2016) and scots 
pine forests (Reinecke et al. 2014) in Germany. Also the decrease of typical species of nutrient-poor, 
acidic soils in the studied forests indidcates the importance of the former litter removal. Similar results 
have been found in Pino-Quercetum forests in Poland, where typical species decreased after the 
abandonment of tree litter raking (Dzwonko & Gawroński 2002; Medwecka-Kornaś & Gawroński, 
1990, 1991). 
Next to the abandonment of tree litter raking, the increased N deposition over the past decades 
probably caused a further eutrophication of the soils. The critical loads for N deposition  
(8 - 10 kg ∙ ha−1 ∙ Ǉeaƌ−1 for acidic and nutrient-poor soils; Bobbink et al. 2010) are exceeded with an 
annual N deposition in Lower Saxony of 15 - ϯϰ kg ∙ ha−1 ∙ Ǉeaƌ−1 (https://gis.uba.de/website/depo1/; 
accessed 15 May 2019). In fact, our study revealed that the group of indicator species for nutrient-
poor soils decreased, while nutrient-demanding species and the EIV N strongly increased. This 
indicates that the change in the nutrient system was one of the most important drivers in these 
systems. Our study also revealed that the strongest changes (=increase in N-indicator species) occurred 
in the initially nutrient-poorest stands (BQ1: increase in EIV N of about 1.4). Other studies also showed 
that plant communities on nutrient-poor soils are stronger affected by increased N deposition than 
those on nutrient-richer soils (Bernhardt-Römermann et al. 2007; Bobbink et al. 2003; Dittmann et al. 
2018; Heinken 2019; Reinecke et al. 2014). With increasing nutrient supply, the growth of species that 
are able to use the more of nutrients efficiently is favoured, leading to increased competition (Bobbink 
et al. 1998; Gilliam 2006; Gilliam et al. 2016; Porter et al. 2013; Reinecke et al. 2014; Stefańska‑Krzaczek 
et al. 2018). High N deposition can also directly cause the decrease of lichen species, since 
approximately 10 % of all lichen species have a cyanobacteria as photobiont, which is negatively 
affected by nitrogen (Bobbink et al. 1998).  
Additionally, the change in the light availabilty (caused by a change in the management systems from 
historical forest management to high forest management or abandonment of management) played a 
role as a driver for changes, indicated by an increase in shrub layer coverage and shade-tolerant species 
and a decrease in EIV L. Even though it is very likely that the abandonment of litter raking was the most 
important driver for the changes in lichen and bryophyte species diversity, the reduced light availability 
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might have been of importance, since particularly lichen species are relatively light-demanding (Beer 
& Ewald 2005; Fischer et al. 2015). 
4.2.5 In a nutshell: Major driving forces of vegetation changes in the different oak forests 
The effects of drivers differ strongly between the different oak forest ecosystems, indicating that 
drivers and their effects are forest type and site-specific.  An overview of the differences between the 
investigated oak forest systems concerning the identified drivers (change in the management system, 
N deposition, change in the water supply, climate change) is presented in Table 7.4. 
Table 7-4. Overview of the most important driving forces of vegetation changes the four oak forest types in NW Germany 
over the past decades. (91F0: Alluvial oak forest; 9170: Thermophilous oak forest under coppice-with-standards 
management; 9160: Sub-Atlantic oak-hornbeam forest in richer and poorer expressions (RICH and POOR), unmanaged (UM) 
and managed stands (M); 9190: Acidophilous oak forests in different expressions (BQ1: poorer type; BQ2: intermediate type; 
BQ3: richer type). The effects of each driver for each forest ecosystem are given. 
Forest 
ecosytem 
 
91F0 9170 CWS 9160  9190 
Driving forces of changes in the vegetation 
Change in the 
management 
system 
Decreased light 
availbility due to 
the cessation of 
coppicing in ca. 
1950 
 
 Increase of 
shadow-
tolerant 
species 
 Decrease of 
light-deman-
ding and 
disturbance-
indicator 
species 
Increased light 
availability 
resulting from the 
restoration of the 
CWS management 
 
 Increase of 
species 
richness 
Decreased light 
availability in 
unmanaged stands 
 
 
 
 Decrease of 
total species 
richness and 
open habitat 
species 
 
Probably increased 
light availability by 
management in 
managed stands 
 
 Increase of 
disturbance-
indicator 
species 
Decreased light 
availability due to 
the cessation of 
coppicing (in the 
19th century) 
 
 Decrease of 
light-
demanding 
species 
 
 
Increase of the 
tree litter and 
decrease of open 
soil resulting from 
the abandonment 
of litter raking (in 
the 19th century) 
 
 Decrease of 
species 
depending on 
open soils 
(herb layer 
species & 
bryophytes 
and lichens) 
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Forest 
ecosytem 
 
91F0 9170 CWS 9160  9190 
Increased 
Nitrogen 
deposition 
No effect visible No effect visible Eutrophication 
effects visible in 
nutrient-poor 
stands 
 
 Increase in N-
demanding 
species 
Eutrophication 
effects visible 
 
 
 
 Increase in N-
demanding 
species 
 
Changes in the 
water supply 
Decreased water 
supply probably 
resulting from 
ditches 
 
 Decrease of 
water-
demanding 
species 
Probably 
decreased water 
supply due to dry 
periods  
 
 Decrease of 
species that 
are sensitive 
against dry 
periods 
Decreased water 
supply in the 
nutrient-richer 
stands 
 
 Decrease of 
habitat typical, 
water-
demanding 
species 
 
No effects visible 
Climate 
change 
Possible effects: 
Increase in Hedera 
helix probably 
related to milder 
winters 
Possible effects: 
Longer dry periods 
might be related 
to the climate 
change 
Possible effects: 
Increase in Hedera 
helix, Ilex 
aquifolium 
probably related 
to milder winters 
 
Possible effects: 
Increase in Hedera 
helix, Ilex 
aquifolium 
probably related 
to milder winters 
Succession to 
the potential 
natural 
vegetation 
Mixed forests are 
the potential 
natural vegetation 
in this site 
 
 
 
PNV: Alluvial 
mixed forests with 
Quercus robur, 
Fraxinus excelsior, 
Ulmus spp. 
 
Due to restoration 
of a historical 
management 
system, succession 
to a beech forest is 
prevented 
 
PNV: Central 
European and 
xerothermic beech 
forests  
Succession to the 
potential natural 
vegetation type is 
visible  
 
 
 
PNV: (Atlantic) 
Acidophilous 
beech forests 
Succession to the 
potential natural 
vegetation type is 
visible  
 
 
 
PNV: (Atlantic) 
Acidophilous 
beech forests 
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4.3 Under which environmental circumstances does a potential driver have an effect on the 
vegetation? 
Eutrophication  
While N deposition was a major driver for vegetation changes in the poorer more acidophilous 
communities (Acidophilous oak forests and the nutrient-poor stands in the Sub-Atlantic oak-hornbeam 
forest), no effects of N deposition were visible in the richer communities (Thermophilous oak-
hornbeam forest, Alluvial oak forest; nutrient-richer stands in the Sub-Atlantic oak-hornbeam forest; 
Fig. 7-11; Table 7-4). This indicates that the effects of N deposition depend on the initial nutrient level 
in the forest system: the poorer the system the stronger the effects of N deposition. Few studies 
described this pattern (Dittmann et al. 2018; Naaf & Kolk 2016; Reinecke et al. 2014), even though 
different authors assumed this before (Bobbink et al. 1998; Gilliam 2006). Bobbink et al. (1998) also 
suggested that plant communities on wet soils with a high base cation availability are less sensitive to 
atmospheric N deposition. The initially richer systems are adapted to nutrient-rich conditions and thus, 
do not show eutrophication effects in terms of vegetation shifts and presumably transform the 
nutrients into biomass (e.g. Vercoutere et al. 2007). Another possible explanation is that the water 
supply played a role as confounding factor: The forest systems that did not show eutrophication effects 
showed strong indications of a decreased water supply over the past decades (i.e. decrease in water-
demanding species, EIV F, pH-value). Since the groundwater contains nitrate and other dissolved 
nutrients (e.g. Rivett et al. 2008), a lowering of the groundwater level is likely related to decreasing 
nutrient supply in the soils.  
Changes in the light supply 
A change in the light supply (both increase or decrease) for the herb layer was a driver of vegetation 
changes in all studied oak forest types independently of the initial EIV L (Fig. 7-11; Table 7-4). Light 
supply is known as the most important limiting factor for the herb layer in forests (Neufeld & Young 
2003) and changes in the light supply (both increase and decrease) are known to influence the species 
composition (Becker et al. 2017; Decocq et al. 2004; Förster et al. 2017; Heinrichs & Schmidt 2017; Van 
Calster et al. 2008). In the studied forests, both increased and decreased light supply had effects on 
the vegetation. The increase in light supply in the Thermophilous oak-hornbeam forest with restored 
coppice-with-standard management and in the managed parts of the Sub-Atlantic oak-hornbeam 
forest led to an increase in species richness respectively an increase in disturbance-indicator species. 
The decrease in light availability in most of the studied forests led to a decrease in light-demanding 
species and in some forest systems also to a decrease of herb layer species richness. 
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Changes in the water supply 
Vegetation shifts that can be related to a change in water supply only occurred in the two moistest of 
the studied forest systems (Alluvial oak forest and the nutrient-richer stands of the Sub-Atlantic oak-
hornbeam forest) and in the Thermophilous oak-hornbeam forest (Fig. 7-11; Table 7-4). The 
occurrence of the characteristic water-demanding plant species in the moist forest types strongly 
depends on the water supply (Christensen & Emborg 1996; Härdtle et al. 2003; Pausas & Austin 2001). 
Since water-demanding species were not characteristic for the other oak forest types, these systems 
do not strongly depend on a high water supply and thus, do not show vegetation shifts that can be 
related to changes in the water supply. Vegetation shifts as a consequence of the lowering of the 
groundwater table have been found in other groundwater-influenced forests systems (Kazda 1995; 
Lameire et al. 2000; Van Tol et al. 1998). Since the Thermophilous oak-hornbeam forest does not stand 
on soils with a high groundwater level, the decrease of species that are sensitive against dry periods is 
probably related to extended dry periods, which can likely be an effect of climatic changes (see 
paragraph below).  
Climate change 
We found some changes that can be related to milder winters or extended dry periods in the summer 
in all oak forest systems. A common trend in almost all forest types (except 9170) was the increase in 
evergreen species, that are known to be sensitive against low temperatures (Dierschke 2005; Naaf & 
Wulf 2011). In the Thermophilous oak-hornbeam forest, we assume that the decrease of species that 
are sensitive against dry soils is related to the extended dry periods in the summer. The increase in 
Hedera helix is a common trend in European forests (Becker et al. 2017; Dierschke 2013; Schmidt & 
Heinrichs 2015). However, no strong vegetation shifts that can be related to the climate change were 
found. De Frenne et al. (2013) stated that the effects of increasing temperatures on the herb layer is 
buffered by increasing canopy closure in forests.  
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Fig. 7-11. Relation between the initial level (in terms of Ellenberg indicator value for nutrients (EIV N), for light (EIV L) and 
for moisture (EIV M) and the question whether or not a change in the respective variable (nitrogen, light, water) is related 
to the initial status of the four studied oak forest systems (91F0: Alluvial oak forest; 9170: Thermophilous oak forest under 
coppice-with-standards management; 9160: Sub-Atlantic oak-hornbeam forest in richer and poorer expressions (RICH and 
POOR), unmanaged (UM) and managed stands (M); 9190: Acidophilous oak forests in different expressions (BQ1: poorer type; 
BQ2: intermediate type; BQ3: richer type). A change in the nitrogen level (N deposition) is a driver for vegetation changes in 
the poorest stands. A change in light supply is a driver for changes in all forest types. A change in the water supply is a driver 
for changes in the nutrient-richest, groundwater-dependent forest systems and in the type 9170. 
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4.4 Homogenization 
The Dectrended Correspondence Analysis revealed that the studied forest systems have become more 
similar to each other over the past decades. Homogenization (= increase in compositional similarity) 
of ecosystems is a common trend in temperate forests (Heinrichs & Schmidt 2017; Keith et al. 2009; 
Naaf & Wulf 2010; Olden & Rooney 2006; Prach & Kopecký 2018; Van Calster et al. 2007). While some 
studies suggest alien species invasion as possible cause (McKinney 2004; Olden & Poff 2003; Schwartz 
et al. 2006), other authors revealed that also native invaders can be responsible for homogenization 
(e.g. Keith et al. 2009; Naaf & Wulf 2010). Johnson et al. (2014) found that the homogenization in 
floodplain forests is caused by the immigration and expansion of native species and in upland forests 
caused by species losses. Prach & Kopecký (2018) revealed that the homogenization was driven by 
local extinctions of specialist species, particularly indicator species for nutrient-poor soils that are 
competitively weak. Concerning the studied oak forests, the homogenization was probably attributed 
to the latter, since many specialists (water-demanding species, indicator species for nutrient-poor 
soils) declined over the past decades. The reasons for the homogenization of ecosystems are most 
likely the change in the management system from more divers historical management pratices to the 
more uniform high forest management and the eutrophication (Gilliams et al. 2016; Keith et al. 2009; 
Prach & Kopecký 2018, Van Calster et al. 2007). The change in management system is often 
accompanied by an increase of Fagus sylvatica, which can also contribute to homogenization processes 
of the herb layer by more homogeneous conditions in terms of light (Mölder et al. 2014). 
 
4.5 Natural succession – the role of Quercus spp. and Fagus sylvatica 
Individuals of Quercus spp. were prominent in the upper tree and herb layer, but were almost 
completely lacking in the lower canopy and the shrub layer in the four oak forest systems. Successful 
natural regeneration of oak trees only happened in some plots in the Acidophilous oak forests. The 
processes behind oak regeneration are complex, since oak regeneration depends on a variety of 
factors, such as light supply, competition, predation of acorns, grazing by deer, diseases and water 
supply (Kamler et al. 2016; Kühne 2004; Reif & Gärtner 2007). A lack of oak regeneration in Central 
European forests has been discussed since at least 100 years (Watt 1919) and was found throughout 
the different oak habitat types (Annighöfer et al. 2015; Diaci et al. 2008; Kamler et al. 2016; Kühne 
2004; Ligot et al. 2013; Mölder et al. 2019; Reif & Gärtner 2007). This lack is not a result of missing 
fructification (Kühne 2004). In mast years oak trees produce a high amount of acorns, but in many 
cases hardly any young trees can be found years after (e.g. Annighöfer et al. 2015; Kühne 2004; Watt 
1919). However, Reif & Gärtner (2007) assume that the regeneration of oak trees is a cyclic process 
and that long phases without successful oak regeneration change with phases of establishment of a 
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new oak generation. Oak trees can become more than 1000 years old and thus, have a much greater 
longevity than beech or other shadow-tolerant trees (e.g. Drobyshev & Niklasson 2010; Ellenberg & 
LeusĐhŶeƌ ϮϬϭϬͿ. As desĐƌiďed iŶ Chapteƌ ϭ ;͞IŶflueŶĐe of huŵaŶs͟Ϳ oak tƌees have been altered and 
fostered by humans for millenia. Consequently, oak dominated forests are widespread in Central 
Europe although most of them stand on sites where beech forests represent the potential natural 
vegetation (Härdtle et al. 2004; Kaiser & Zacharias 2003). Recent studies assume that without 
management beech would be the dominant tree species in almost all forests. The role of the oak trees 
in the potential natural vegetation is discussed (Jedicke & Hakes 2005; Kaiser & Zacharias 2003; Meyer 
et al. 2006; Reif & Gärtner 2007) and this question can not be answered here. However, there are 
reasons to assume that oak trees will not be able survive in dense beech forests due to the competitive 
strength of beech (Fischer et al. 2009; Lüpke 1998; Mölder et al. 2014; Schmidt 2000, 2005). But there 
are also reasons to assume that the oak species will have a role in these forests. Some studies showed 
successful natural regneration of oak trees in gaps in forests (Březina & Dobrovolný 2011; Diaci et al. 
2008; Dobrowolska 2008; Reif et al. 2016; Chapter 6 – Acidophilous oak forests). It is not clear why oak 
regeneration is successful in one site and lacking in another, but we were able to show that natural 
regeneration occurred in the forests of NW Germany.   
 
4.6 Conservation of biodiversity  
In order to slow down the loss of biodiversity and be able to understand the ongoing changes in 
ecosystems it is crucial to understand the interactions between species and ecosystems and 
environmental changes. In Central Europe, forest – and particularly mixed oak forest - ecosystems play 
a major role in the conservation of biodiversity (e.g. Ellenberg & Leuschner 2010; Zacharias 1996). 
Since oak forest host a high number of different species one the one hand (e.g. Leidinger et al. 2019; 
Pilskog et al. 2016; Widerberg et al. 2018; Zacharias 1996) but face endangerment on the other hand 
(Drachenfels 1996; Rennwald 2000) it is important to understand the ongoing processed and shifts in 
these forests in order to develop effective conservation measures. It is especially of importance to 
understand the reactions of oak forest systems to changes in management, nutrients, water balance, 
light supply and climate. The research presented in this thesis contributes to a better understanding 
of the reactions of oak forests to changes in environment and management and therefore, provides a 
basis for further discussion about management and conservation measures of oak forests.  
 
 
 
Chapter 7 - Synthesis 
 
199 
 
4.7 Take home messages 
Long-term monitoring in four oak forest types has been carried out over a time span of 20-52 years in 
this thesis. The forest types represent the four occurring mixed oak forest types in Lower Saxony. They 
range from acidic to almost alkaline soils, from alluvial (i.e. strongly water-depending) to dry sites and 
from unmanaged to managed stands. That means the variety of different environmental conditions is 
covered by this thesis. Different environmental conditions, different management systems – but what 
are the most important outcomes of this thesis? 
1. Drivers of vegetation changes in oak forests are site-specific. 
2. The most important drivers of vegetation changes in oak forests in Northwestern Germany are 
changes in the management system (= changes in the light regime and disturbance frequency), 
eutrophication and decreasing water availabilty. 
3. A change in the management system had effects on the vegetation in every oak forest type. 
4. Eutrophication effects only occurred in the poorest stands.  
5. Changes that can be related to a decreased water availability were found in the two strongly 
water-depending systems as well as in a system on a soil with a low water storage capacity.  
6. The only changes that can likely be attributed to a climatic change were the increase in 
evergreen species in almost all forest types as well as a decrease of species sensitive against 
dry periods in one forest type.  
7. Studying ecosystems along (environmental) gradients is essential for understanding the effects 
of environmental changes. 
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Appendix A1. Number of herb layer species in each forest affinity group: 1.1 main occurrence in closed forests; 1.2 restricted to forest edges and clearings; 2.1 
occurring in both forests and open habitats; 2.2 main occurrence in open habitats; O: occurrence in open habitats. Not listed: Species not listed in the species list 
of forest vascular plants in Germany. Spec.: Determination on only genus level. Numbers are given for 1960, 2002 and 2012. 
 
 
 
   1.1   1.2   2.1   2.2   O   not 
listed 
  spec.  Total (herb layer)  
 Plot 1960 2002 2012 1960 2002 2012 1960 2002 2012 1960 2002 2012 1960 2002 2012 1960 2002 2012 1960 2002 2012 1960 2002 2012  
 4 15 20 23 0 1 0 7 17 20 1 2 2 0 0 0 0 0 1 0 0 0 23 40 46  
 5 15 19 19 1 0 0 14 13 13 0 2 2 0 1 0 0 1 1 0 0 0 30 36 35  
 6 12 16 16 0 1 1 11 19 13 2 2 2 0 1 1 0 0 0 0 0 0 25 39 33  
 7 13 16 15 0 0 0 15 17 14 0 0 0 0 0 0 0 0 0 2 0 0 30 33 29  
 8 11 19 21 0 1 1 12 19 18 2 2 2 0 0 0 0 1 1 1 0 1 26 42 44  
 9 13 22 24 1 2 0 12 21 18 2 3 3 0 0 0 0 0 0 1 0 1 29 48 46  
 10 8 16 18 0 0 0 16 11 18 3 0 1 1 0 0 0 0 1 0 0 0 28 27 38  
 14 13 19 22 0 0 0 12 18 18 2 1 1 0 0 0 0 0 1 0 0 0 27 38 42  
 15 8 17 15 1 0 0 14 14 12 1 0 1 0 0 0 0 0 0 0 0 0 24 31 28  
 16 14 15 13 0 0 0 12 11 11 0 0 0 0 0 1 0 0 0 0 0 0 26 26 25  
 19 7 16 14 0 1 0 14 21 11 1 3 2 0 0 1 0 0 0 1 0 0 23 41 28  
 26 12 14 13 1 0 0 11 12 11 0 0 1 0 0 1 0 0 0 0 0 0 24 26 26  
 27 12 18 18 0 0 0 9 11 14 2 1 1 1 0 0 0 1 1 0 0 0 24 31 34  
 31 14 21 23 0 0 0 11 18 19 0 2 2 0 0 0 0 0 0 1 0 0 26 41 44  
 32 14 19 22 0 1 1 12 18 17 1 2 2 0 0 0 0 0 1 0 0 0 27 40 43  
 33 14 17 17 0 0 0 11 14 13 0 0 0 1 0 0 0 0 0 0 0 0 26 31 30  
 42 13 16 15 0 0 0 12 10 8 0 1 0 0 0 0 0 0 0 0 0 0 25 27 23  
 43 12 18 16 0 0 0 12 20 15 1 2 4 0 2 0 0 1 0 0 0 0 25 43 35  
 46 12 15 13 2 0 0 12 15 12 0 0 0 0 0 0 1 1 1 0 0 0 27 31 26  
 Mean 12.2 17.5 17.7 0.3 0.4 0.2 12.1 15.7 14.5 0.9 1.2 1.4 0.2 0.2 0.2 0.1 0.3 0.4 0.3 0.0 0.1 26.1 35.3 34.5  
 SD 2.2 2.1 3.7 0.6 0.6 0.4 2.0 3.6 3.3 0.9 1.1 1.1 0.4 0.5 0.4 0.2 0.4 0.5 0.6 0.0 0.3 2.1 6.4 7.6  
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Appendix A2. Non-paƌaŵetƌiĐ KeŶdall͛s ƌaŶk ĐoƌƌelatioŶ ĐoeffiĐieŶts τ of eŶǀiƌoŶŵeŶtal ǀaƌiaďles ;ŵeaŶs aŶd theiƌ ĐoeffiĐieŶt of ǀaƌiatioŶ ;CV) ) used in the 
generalized linear models. 
 P PCV Mg MgCV Ca CaCV K KCV PAR PARCV H2O GW pH pHCV C CCV N NCV CN CNCV 
 
 
P 1.00 -0.27 -0.36 0.04 0.56 -0.02 -0.37 -0.13 0.19 0.39 -0.00 -0.02 0.47 -0.29 -0.38 0.39 -0.43 0.36 0.20 0.33  
PCV - 1.00 -0.02 -0.09 -0.22 0.43 -0.05 0.03  -0.11 -0.10 0.03 0.00 -0.27 0.37 0.21 -0.22 0.17 -0.12 0.03 0.02  
Mg - - 1.00 0.16 -0.32 -0.30 0.31 0.19 0.10 0.13 -0.36 0.10 -0.32 0.04 0.46 0.02 0.37 -0.06 0.02 -0.27  
MgCV - - - 1.00 0.05 0.08 0.08 0.12 0.33 0.27 -0.17 0.16 0.08 0.02 -0.08 0.13 -0.12 0.47 0.27 0.19  
Ca - - - - 1.00 -0.01 -0.43 -0.10 0.27 0.31 0.03 -0.16 0.72 -0.37 -0.51 0.12 -0.60 0.13 0.24 0.20  
CaCV - - - - - 1.00 -0.26 -0.03 -0.03 -0.13 -0.11 0.14 -0.01 0.29 -0.04 0.08 -0.06 0.23 0.10 0.18  
K - - - - - - 1.00 0.27 -0.05 -0.09 0.10 0.05 -0.31 0.17 0.19 -0.13 0.29 -0.10 -0.30 0.04  
KCV - - - - - - - 1.00 0.23 -0.04 0.01 0.15 -0.05 0.10 0.01 0.29 -0.06 0.25 -0.04 0.13  
PAR - - - - - - - - 1.00 0.24 -0.06 0.08 0.23 -0.16 -0.06 0.15 -0.20 0.20 0.54 0.44  
PARCV - - - - - - - - - 1.00 -0.17 -0.14 0.31 -0.19 -0.19 0.23 -0.26 0.26 0.18 0.12  
H2O - - - - - - - - - - 1.00 -0.39 0.17 -0.03 -0.33 -0.33 -0.29 -0.27 -0.22 0.26  
GW - - - - - - - - - - - 1.00 -0.32 0.39 0.33 0.30 0.30 0.19 0.09 0.04  
pH - - - - - - - - - - - - 1.00 -0.51 -0.72 0.08 -0.77 0.11 0.12 0.30  
pHCV - - - - - - - - - - - - - 1.00 0.37 -0.03 0.32 0.10 -0.12 -0.04  
C - - - - - - - - - - - - - - 1.00 -0.15 0.86 -0.16 0.09 -0.35  
CCV - - - - - - - - - - - - - - - 1.00 -0.19 0.57 0.04 0.10  
N - - - - - - - - - - - - - - - - 1.00 -0.23  -0.05  -0.42  
NCV - - - - - - - - - - - - - - - - - 1.00 0.24 0.13  
CN - - - - - - - - - - - - - - - - - - 1.00 0.12  
CNCV - - - - - - - - - - - - - - - - - - - 1.00  
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Appendix A3. Ordination diagram of a non-metric multidimensional scaling (NMDS) based on Bray-
Curtis coefficients of the 19 forest plots surveyed in 1960, 2002 and 2012. Same plots in different years 
are connected with an arrow. 
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Appendix A4. Comparison of DCA and NMDS ordination results. Procrustes correlation coefficients (r; 
DϭϮNϭϮ: DCA Aǆis ϭ aŶd Ϯ ǁith NMDS Aǆis ϭ aŶd ϮͿ aŶd KeŶdall͚s Tau ĐoƌƌelatioŶ ĐoeffiĐieŶts ;τ; D1N1: 
DCA Axis 1 with NMDS Axis 1) of the three first axes of the DCA and NMDS ordination analyses. Weight: 
Weighting function; Range: Range of the abundance scale for the respective weighting functions. 
 
 Weight Range rD12N12 rD12N13 rD13N12 rD13N13 τD N τD N τD N τD N τD N 
 0/1 1 0.683 0.671 0.825 0.549 -0.569 -0.054 0.617 -0.539 0.107 
 R32 32 0.676 0.655 0.745 0.573 -0.003 0.124 0.02 0.263 -0.355 
 Raw 67.5 0.676 0.646 0.755 0.716 0.748 -0.177 0.67 0.392 0.026 
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Appendix A5. Relationships between the plot scores on DCA Axis 1 (a) and DCA Axis 2 (b) and the 
measured environmental variables: soil phosphate (P), magnesium (Mg), calcium (Ca), potassium (K), 
light availability (PAR), soil water content (Water), groundwater level (GW), pH, soil carbon (C), 
ŶitƌogeŶ ;NͿ, C/N ƌatio ;CNͿ. Results of siŶgle liŶeaƌ ƌegƌessioŶ ŵodels ;t ;͚-͚ iŶdiĐatiŶg a Ŷegatiǀe 
effect), p-values and R²) and of Kendall͛s Tau ĐoƌƌelatioŶ aŶalǇsis ;Tau aŶd p-values) are given. 
Parameters with significant results in both analyses are highlighted in grey. 
a) 
DCA Axis 1 
Parameter Linear regression models KeŶdall͛s Tau 
correlation   t p R² Tau p 
P 2.147 0.047 0.167 0.146 0.406 
Mg 0.550 0.590 -0.040 0.193 0.267 
Ca 2.355 0.031 0.202 0.275 0.108 
K -1.827 0.085 0.115 -0.146 0.406 
PAR 3.582 0.002 0.397 0.415 0.013 
Water -0.492 0.629 -0.044 -0.298 0.080 
GW 0.196 0.847 -0.056 0.064 0.700 
pH 1.640    0.119 0.086 0.181 0.298 
C -0.820 0.423 -0.019 -0.111 0.534 
N -1.553 0.144 0.070 -0.181 0.298 
CN 5.106 0.000 0.582 0.333 0.049 
 
b) 
DCA Axis 2 
Parameter Linear regression models KeŶdall͛s Tau 
correlation  t p R² Tau p 
P 0.883 0.390 -0.012 0.146 0.406 
Mg -0.581 0.569 -0.038 -0.111 0.534 
Ca 1.945 0.069 0.134 0.205 0.238 
K 0.563 0.581 -0.039 0.088 0.629 
PAR 1.027 0.319 0.003 0.064 0.730 
Water 2.601 0.019 0.243 0.287 0.093 
GW -4.431 0.000 0.509 -0.476 0.005 
pH 1.938 0.070 0.133 0.298 0.080 
C -1.167 0.259 0.020 -0.205 0.238 
N -1.188 0.251 0.022 -0.181 0.298 
CN 0.028 0.978 -0.059 -0.041 0.836 
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Appendix A6. Tree, shrub and herb layer species with the number of plots in which the species 
occurred in 1960, 2002 and 2012. ¹Anemone ranunculoides was not distinguished from A. nemorosa in 
1960. Species groups are: 1.1 main occurrence in closed forests; 1.2 restricted to forest edges and 
clearings; 2.1 occurring in both forests and open habitats; 2.2 main occurrence in open habitats; O: 
occurrence in open habitats. 
  Occurrence 
(No. of plots) 
 
 
 
Species 1960 2002 2012 Species group 
Tree layer 1     
Fraxinus excelsior  16 17 18 2.1 
Quercus robur  10 8 9 2.1 
Fagus sylvatica  2 3 7 1.1 
Alnus glutinosa  2 3 2 2.1 
Acer pseudoplatanus  2 1 4 2.1 
Carpinus betulus  2 1 1 1.1 
Picea abies  1 1 1 2.1 
Betula pendula  1 0 0 2.1 
Betula pubescens  1 0 0 2.1 
Ulmus minor  1 0 0 2.1 
Salix x rubens  0 1 1 - 
Aesculus hippocastanum  0 0 1 2.2 
Tilia cordata  0 0 1 1.1 
Tree layer 2     
Fraxinus excelsior  6 10 11 2.1 
Carpinus betulus  5 7 7 1.1 
Tilia cordata  4 8 7 1.1 
Acer pseudoplatanus  4 6 7 2.1 
Fagus sylvatica  4 6 5 1.1 
Alnus glutinosa  0 3 3 2.1 
Prunus avium  0 3 3 2.1 
Ulmus glabra  0 1 3 1.1 
Acer campestre  0 1 2 2.1 
Hedera helix  0 1 1 1.1 
Ulmus minor  0 1 0 2.1 
Corylus avellana  0 0 1 2.1 
Shrub layer     
Corylus avellana  16 15 17 2.1 
Lonicera xylosteum  12 12 10 1.1 
 
Tilia cordata  12 5 2 1.1 
Crataegus laevigata  10 5 6 2.1 
Euonymus europaeus  10 4 5 2.1 
Ribes rubrum 9 14 16 1.1 
Sambucus nigra  9 7 11 2.1 
Acer pseudoplatanus  8 3 8 2.1 
Fraxinus excelsior  7 2 5 2.1 
Rubus caesius  7 0 1 2.1 
Cornus sanguinea  7 0 0 2.1 
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  Occurrence 
(No. of plots) 
 
 
 
Species 1960 2002 2012 Species group 
Ribes uva-crispa  4 12 12 2.1 
Acer campestre  4 1 2 2.1 
Fagus sylvatica  3 3 4 1.1 
Alnus glutinosa  3 1 1 2.1 
Rubus idaeus  2 1 1 1.2 
Viburnum opulus  2 0 0 2.1 
Ulmus minor  1 1 0 2.1 
Prunus avium  1 1 0 2.1 
Betula pendula  1 0 0 2.1 
Carpinus betulus  1 0 0 1.1 
Crataegus spec.  1 0 0 - 
Populus x canadensis 1 0 0 - 
Ribes nigrum  1 0 0 1.1 
Rubus spec.  1 0 0 - 
Ulmus spec.  1 0 0 - 
Ulmus glabra  0 2 1 1.1 
Prunus padus  0 1 2 2.1 
Acer platanoides  0 0 1 2.1 
Herb layer     
Aegopodium podagraria  19 18 19 2.1 
Adoxa moschatellina  19 17 17 1.1 
Corydalis cava  18 19 19 1.1 
Ranunculus ficaria ssp. bulbilifer  18 19 19 2.1 
Galium aparine  18 19 16 2.1 
Urtica dioica  18 18 18 2.1 
Arum maculatum  18 17 19 1.1 
Veronica hederifolia  17 18 19 2.1 
Pulmonaria obscura  17 18 17 1.1 
Milium effusum  17 17 16 1.1 
Geum urbanum  17 15 15 2.1 
Stachys sylvatica  17 15 13 1.1 
Anemone nemorosa  16 19 19 1.1 
Glechoma hederacea  16 18 19 2.1 
Stellaria holostea  15 19 17 1.1 
Ranunculus lanuginosus  15 17 18 1.1 
Lamium galeobdolon 14 16 15 1.1 
Lamium maculatum  12 15 7 2.1 
Primula elatior  12 6 6 1.1 
Deschampsia cespitosa  11 10 5 2.1 
Ranunculus auricomus agg.  10 12 13 2.1 
Dactylis glomerata agg. 10 8 8 2.2 
Carex sylvatica  9 17 18 1.1 
Poa trivialis  9 13 13 2.1 
Circaea lutetiana  8 11 3 1.1 
Fraxinus excelsior  8 8 10 2.1 
Alliaria petiolata  7 9 8 2.1 
Galeopsis tetrahit  7 2 0 2.1 
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  Occurrence 
(No. of plots) 
 
 
  
 
 
 Species 1960 2002 2012 Species group 
Geranium robertianum  6 8 2 2.1 
Elymus caninus  5 11 9 1.1 
Ajuga reptans  5 5 1 2.1 
Polygonatum multiflorum  4 10 10 1.1 
Filipendula ulmaria  4 9 5 2.1 
Brachypodium sylvaticum  4 6 9 1.1 
Poa nemoralis  4 6 5 1.1 
Campanula trachelium  4 5 2 1.1 
Anthriscus sylvestris  4 3 5 2.2 
Lysimachia nummularia  4 0 0 2.1 
Veronica chamaedrys  3 3 0 2.1 
Chaerophyllum bulbosum  3 2 4 O 
Silene dioica  3 2 0 2.1 
Myosotis sylvatica  3 1 0 1.2 
Taraxacum officinale agg.  3 1 0 2.1 
Arctium spec. 3 0 1 - 
Mercurialis perennis  2 9 9 1.1 
Paris quadrifolia  2 9 8 1.1 
Listera ovata  2 7 6 1.1 
Sambucus nigra  2 5 8 2.1 
Lonicera xylosteum  2 3 6 1.1 
Helleborus viridis  2 2 2 1.1 
Cirsium oleraceum  2 2 0 2.1 
Festuca gigantea  2 1 1 1.1 
Acer pseudoplatanus  1 12 19 2.1 
Euonymus europaeus 
  
1 11 12 2.1 
Alopecurus pratensis  1 7 9 2.2 
Corylus avellana  1 5 10 2.1 
Fagus sylvatica  1 4 11 1.1 
Ribes uva-crispa  1 3 8 2.1 
Ornithogalum umbellatum  1 3 5 - 
Crataegus laevigata  1 2 2 2.1 
Dipsacus pilosus  1 2 1 1.2 
Heracleum sphondylium  1 2 0 2.2 
Humulus lupulus  1 2 0 1.2 
Phalaris arundinacea  1 2 0 2.1 
Rubus idaeus  1 1 1 1.2 
Carex remota  1 1 0 1.1 
Iris pseudacorus  1 1 0 2.1 
Convallaria majalis  1 0 1 1.1 
Campanula latifolia  1 0 0 1.1 
Campanula spec.  1 0 0 - 
Carex acutiformis  1 0 0 2.1 
Ranunculus acris  1 0 0 2.2 
Ranunculus repens  1 0 0 2.1 
Scrophularia umbrosa  1 0 0 2.2 
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  Occurrence (No. of plots) 
 
 
 
  
 
 
 
Species 1960 2002 2012 Species group 
Ulmus spec. 1 1 0 0 - 
Ulmus spec. 2 1 0 0 - 
Vicia sepium  1 0 0 2.1 
Anemone ranunculoides 1 0 16 18 1.1 
Rubus caesius  0 12 8 1.2 
Ribes rubrum 0 9 13 1.1 
Hedera helix  0 4 7 1.1 
Acer campestre  0 4 6 2.1 
Carpinus betulus  0 4 5 1.1 
Dryopteris dilatata  0 3 0 1.1 
Gagea lutea  0 2 11 1.1 
Prunus avium  0 2 5 2.1 
Impatiens noli-tangere  0 2 1 1.1 
Rumex sanguineus  0 2 1 1.1 
Athyrium filix-femina  0 2 0 1.1 
Rosa canina  0 2 0 2.1 
Viburnum opulus  0 2 0 2.1 
Moehringia trinervia  0 2 0 1.1 
Impatiens glandulifera  0 1 4 2.2 
Acer platanoides  0 1 3 2.1 
Allium oleraceum  0 1 2 - 
Leucojum vernum  0 1 2 2.1 
Quercus robur  0 1 2 2.1 
Dryopteris filix-mas  0 1 1 1.1 
Sorbus aucuparia  0 1 1 2.1 
Angelica sylvestris  0 1 0 2.1 
Artemisia vulgaris  0 1 0 - 
Chelidonium majus  0 1 0 2.1 
Dryopteris carthusiana  0 1 0 2.1 
Equisetum arvense  0 1 0 2.1 
Lycopus europaeus  0 1 0 2.1 
Plantago major  0 1 0 O 
Prunus spinosa  0 1 0 2.1 
Rumex obtusifolius  0 1 0 O 
Scrophularia nodosa  0 1 0 2.1 
Senecio ovatus  0 1 0 1.2 
Solanum dulcamara  0 1 0 2.1 
Solidago gigantea  0 1 0 2.2 
Stellaria aquatica  0 1 0 2.2 
Stellaria nemorum  0 1 0 1.1 
Tilia cordata  0 1 0 1.1 
Tilia platyphyllos  0 1 0 1.1 
Impatiens parviflora  0 0 2 1.1 
Allium ursinum  0 0 1 1.1 
Carduus crispus  0 0 1 - 
Sonchus spec.  0 0 1 - 
Ulmus glabra  0 0 1 1.1 
Viola odorata  0 0 1 1.2 
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Appendix A7. Relationships between species richness variables and single environmental variables as 
obtained by single generalized linear regression modelling (Poisson errors; species richness) and 
single linear models (change in species richness). The sign of the Z and t statistic show if the 
ƌelatioŶship ǁith the ƌespoŶse ǀaƌiaďle is Ŷegatiǀe oƌ positiǀe. MĐ FaddeŶ͛s R² ƌespeĐtiǀelǇ R² aƌe 
shown. The environmental explanatory variables are: soil phosphate (P), magnesium (Mg), calcium 
(Ca), potassium (K), light availability (PAR), soil water content (Water), groundwater table (GW), pH, 
soil carbon (C), nitrogen (N), C/N ratio (CN) as well as their coefficient of variation (indicated by CV).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Parameter z p Mc 
FaddeŶ͛s R² 
t p R² 
 Species richness Change in species richness 
P -3.584  0.0003 0.4079 -2.887 0.0102 0.2896 
P-CV 1.675    0.0939  0.0861 1.226 0.2370 0.0272 
Mg 2.414    0.0158  0.1840 1.322 0.2040 0.0398 
Mg-CV -0.325 0.7450 0.0034 0.100 0.9217 -0.0582 
Ca -2.524    0.0116  0.2024 -2.054 0.0557 0.1516 
Ca-CV -0.518 0.6050 0.0085 -0.177 0.8620 -0.0569 
K 0.23     0.8180 0.0017 0.118 0.9070 -0.0580 
K-CV 1.369 0.1710 0.0584 1.205 0.2450 0.0245 
PAR -1.244     0.2130 0.0503 -0.627 0.5390 -0.0349 
PAR-CV -0.079 0.9370 0.0002 0.162 0.8730 -0.0572 
Water -0.824      0.4100 0.0220 -0.175 0.8640 -0.0569 
GW -1.391     0.1640 0.0610 -0.948 0.3563 -0.0056 
pH -2.002    0.0453  0.1243 -1.724 0.1028 0.0988 
pH-CV 0.68 0.4960 0.0145 0.838 0.4140 -0.0168 
C 0.973      0.3300 0.0299 0.360 0.7230 -0.0508 
C-CV -0.486 0.6270 0.0075 0.110 0.9141 -0.0581 
N 1.167     0.2430 0.0430 0.518 0.6110 -0.0424 
N-CV -0.27 0.7870 0.0023 0.196 0.8470 -0.0564 
CN -0.754     0.4510 0.0181 -0.572 0.5750 -0.0389 
CN-CV -2.746 0.0060 0.2420 -1.558 0.1377 0.0734 
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Appendix A8.  Species ordination diagram of a Detrended Correspondence Analysis of the 19 
surveyed plots in 1960, 2002 and 2012, showing selected species based on the function orditorp with 
the species column sums (coverage sums) as priority. + = score of another species, which could not 
be shown without overwriting. T1 = upper tree layer, T2 = lower tree layer, S = shrub layer, others = 
herb layer. For species abbreviations, see Appendix A9.  
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Appendix A9. Species abbreviations used in the species diagram of the DCA (Appendix A8). 
Ace.cam Acer campestre 
Ace.pseT1 Acer pseudoplatanus T1 
Ace.pseT2 Acer pseudoplatanus T2 
Ace.pseS Acer pseudoplatanus S 
Ado.mos Adoxa moschatellina  
Aeg.pod Aegopodium podagraria  
Aes.hipT1 Aesculus hippocastaneum T1 
Aju.rep Ajuga reptans  
Aln.gluS Alnus glutinosa S 
Ane.nem Anemone nemorosa  
Ane.ran Anemone ranunculoides  
Ant.syl Anthriscus sylvestris  
Aru.mac Arum maculatum  
Bet.penT1 Betula pendula T1 
Bet.penS Betula pendula S 
Bet.pubT1 Betula pubescens T1 
Cam.spe Campanula spec. 
Car.betT1 Carpinus betulus T1 
Car.cri Carduus crispus 
Cir.lut Circaea lutetiana 
Cir.ole Cirsium oleraceum 
Cor.aveS Corylus avellana S 
Cor.cav Corydalis cava 
Cor.sanS Cornus sanguniea S 
Cra.laeS Crataegus laevigata S 
Dac.glo Dactylis glomerata agg. 
Des.ces Deschampsia cesptiosa 
Ely.can Elymus caninus 
Fag.sylT1 Fagus sylvatica T1 
Fag.sylT2 Fagus sylvatica T2 
Fag.sylS Fagus sylvatica S 
Fes.gig Festuca gigantea  
Fic.ver Ficaria verna 
Fil.ulm Filipendula ulmaria 
Fra.excT1 Fraxinus excelsior T1 
Fra.excS Fraxinus excelsior S 
Gag.lut Gagea lutea  
Gal.lut Galeobdolon luteum 
Ger.rob Geranium robertianum 
Geu.urb Geum urbanum 
Hel.vir Helleborus viridis 
Imp.par Impatiens parviflora  
Iri.pse Iris pseudacorus 
Lam.mac Lamium maculatum 
Leu.ver Leucojum vernum 
Moe.tri Moehringia trinervia 
Par.qua Paris quadrifolia  
Pic.abi_T1 Picea abies T1 
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Pha.aru Phalaris arundinacea 
Pri.ela Primula elatior  
Que.robT1 Quercus robur T1 
Que.rob Quercus robur 
Ran.lan Ranunculus lanuginosus 
Rib.uva Ribes uva-crispa 
Rub.cae Rubus caesius 
Rub.idaS Rubus idaeus S 
Rum.san Rumex sanguineus 
Sta.syl Stachys sylvatica  
Scr.nod Scrophularia nodosa 
Scr.umb Scrophularia umbrosa 
Sil.dio Silene dioica 
Til.corT2 Tilia cordata T2 
Til.corS Tilia cordata S 
Til.cor  Tilia cordata 
Ulm.glaS Ulmus glabra S 
Ulm.gla Ulmus glabra 
Ulm.minT1 Ulmus minor T1 
Ulm.minT2 Ulmus minor T2 
Ulm.minS Ulmus minor S 
Ulm.spe Ulmus spec. 
Urt.dio Urtica dioica 
Ver.cha Veronica chamaedrys 
Ver.hed Veronica hederfolia ssp. lucorum 
Vib.opu Viburnum opulus 
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Appendices to Chapter 4 
Appendix B1. Abundance (Londo cover values) of all species in the different layers (tree, shrub, herb) 
in the 12 permanent plots in the coppice-with-standards forest projects Liebenburg investigated in the 
years 1994-2002 and 2013. 
Appendix B2. Abiotic parameters of the 12 permanent plots in the coppice-with-standards forest 
project Liebenburg: Photosynthetic active radiation (PAR), Soil water content (H2O), soil pH (pH), 
contents of the soil nutrients: plant available phosphorus (P), magnesium (Mg), calcium (Ca), 
potassium (K), C/N ratio (C/N). All parameters were measured in July 2013.  
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Appendix B1. Abundance (Londo cover values) of all species in the different layers (tree, shrub, herb) 
in the 12 permanent plots in the coppice-with-standards forest projects Liebenburg investigated in the 
years 1994-2002 and 2013. 
 
Appendix B1 is a large table and can be found under the following URL:   
https://doi.org/10.1016/j.foreco.2018.09.014 
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Appendix B2. Abiotic parameters of the 12 permanent plots in the coppice-with-standards forest project Liebenburg: Photosynthetic active radiation (PAR), Soil 
water content (H2O), soil pH (pH), contents of the soil nutrients: plant available phosphorus (P), magnesium (Mg), calcium (Ca), potassium (K), C/N ratio (C/N). All 
parameters were measured in July 2013.  
 
Plot PAR pH 
H2O  
[%] 
P  
[ŵg ∙ ϭϬϬ g soil-
1] 
Mg  
[ŵg ∙ ϭϬϬ g soil-
1] 
Ca 
[ŵg ∙ ϭϬϬ g soil-
1] 
K 
[ŵg ∙ ϭϬϬ g soil-1] C/N  
N  
[%] 
C  
[%] 
87/1 18.9 5.1 15.8 1.9 29.8 713.5 28.7 14.9 0.7 10.0 
87/2 1.0 5.2 13.9 1.9 31.7 661.7 28.7 16.7 0.6 10.5 
92/1 46.4 6.1 17.2 3.0 51.2 1184.8 28.9 15.1 1.1 17.1 
92/2 45.5 5.5 14.7 3.2 55.6 974.6 29.1 15.8 1.0 16.2 
93/1 88.2 5.5 19.6 2.3 37.3 959.7 30.4 14.5 0.9 12.3 
93/2 40.9 5.2 12.6 1.8 39.6 869.9 35.3 18.1 0.7 13.2 
94/1 5.6 6.2 13.2 0.3 61.1 1115.9 30.5 15.5 1.1 16.5 
94/2 1.6 4.8 12.2 0.3 34.2 938.5 39.6 14.1 0.8 11.2 
95/1 4.4 5.8 11.1 0.3 49.7 1027.9 27.2 18.0 0.9 16.2 
95/2 13.4 4.6 11.6 0.2 28.5 707.0 31.1 15.2 0.8 11.5 
96/1 19.6 6.2 9.8 0.3 43.0 1207.3 21.6 18.6 0.9 17.3 
96/2 3.3 5.8 12.3 0.3 39.9 1127.2 32.2 20.1 0.7 14.4 
Mean 24.1 5.5 13.7 1.3 41.8 957.3 30.3 16.4 0.9 13.9 
SD 25.4 0.5 2.6 1.1 10.1 180.5 4.2 1.8 0.2 2.6 
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Appendices to Chapter 5 
Appendix C1. Abundance (Braun-Blanquet cover-abundance values) of all species in the different 
layers (tree, shrub, herb) in the 79 semi-permanent plots in the Hasbruch forest investigated in 1996 
and 2016. 
Appendix C2. Abiotic parameters of the 79 semi-permanent plots in the Hasbruch forest: Soil pH (pH), 
contents of the soil nutrients: plant available phosphorus (P), magnesium (Mg), calcium (Ca), 
potassium (K), C/N ratio (C/N). All parameters were measured in 2016. 
Appendix C3. Principal Components Analysis (PCA) for Δ aďuŶdaŶĐes ;aďuŶdaŶĐe speĐies X iŶ ϮϬϭϲ – 
abundance species X in 1996) of all species of the herb layer of the 79 plots in the Hasbruch forests.  
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Appendix C1. Abundance (Braun-Blanquet cover-abundance values) of all species in the different 
layers (tree, shrub, herb) in the 79 semi-permanent plots in the Hasbruch forest investigated in 1996 
and 2016. 
 
Appendix C1 is a large table and can be found under the following URL:   
https://doi.org/10.1016/j.foreco.2019.04.030 
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Appendix C2. Abiotic parameters of the 79 semi-permanent plots in the Hasbruch forest: Soil pH (pH), 
contents of the soil nutrients: plant available phosphorus (P), magnesium (Mg), calcium (Ca), 
potassium (K), C/N ratio (C/N). All parameters were measured in 2016. 
 
Plot 
P  
[ŵg ∙ ϭϬϬ g soil-1] 
Mg  
[ŵg ∙ ϭϬϬ g soil-1] 
Ca 
[ŵg ∙ ϭϬϬ g soil-1] 
K 
[ŵg ∙ ϭϬϬ g soil-1] pH 
C/N 
ratio 
N  
[%] 
C  
[%] 
1 3.44 17.30 63.68 15.91 3.06 16.39 0.575 9.422 
2 1.84 16.57 61.63 9.30 3.17 17.50 0.491 8.591 
3 5.02 17.75 85.75 8.52 3.20 16.97 0.533 9.047 
4 9.95 25.77 116.24 4.74 3.26 17.86 1.489 26.595 
5 3.16 26.39 135.09 14.05 3.91 13.83 0.406 5.614 
6 2.87 27.34 105.31 22.62 3.42 15.85 0.761 12.065 
7 2.34 2.59 124.47 12.89 4.15 12.38 0.428 5.298 
8 3.97 21.82 113.10 14.99 3.45 17.17 1.053 18.085 
9 3.80 22.98 102.76 17.86 3.35 17.80 0.952 16.942 
10 1.96 38.68 250.46 12.39 4.59 14.30 0.337 4.819 
11 1.56 40.63 220.43 16.30 5.08 14.85 0.314 4.664 
12 2.14 17.81 115.39 6.46 4.08 14.18 0.361 5.12 
13 3.05 14.93 88.31 18.51 3.28 17.01 0.616 10.477 
14 2.71 14.60 71.83 10.64 3.07 19.07 0.816 15.56 
15 2.30 24.16 174.31 14.23 3.80 15.67 0.796 12.473 
16 3.88 27.26 111.44 19.09 3.31 15.49 0.883 13.674 
17 5.74 32.76 149.84 19.56 3.32 17.63 1.156 20.38 
18 2.02 14.40 65.45 14.42 3.11 18.07 0.478 8.637 
19 7.30 34.55 143.10 28.37 3.27 17.83 1.02 18.182 
20 4.21 25.80 123.80 4.10 3.56 17.48 1.162 20.314 
21 4.64 24.74 120.76 0.58 3.13 17.09 1.193 20.385 
22 2.42 23.76 108.75 19.76 3.31 17.18 0.633 10.874 
23 4.79 28.08 105.58 25.09 3.34 16.69 0.667 11.13 
24 1.42 27.14 173.02 12.56 4.30 14.11 0.357 5.038 
25 2.89 22.30 93.47 16.39 3.25 15.58 1.1 17.143 
26 2.25 14.42 97.14 3.07 3.70 16.05 0.659 10.576 
27 6.31 18.65 87.01 2.11 3.13 17.84 0.592 10.564 
28 1.53 23.39 147.23 5.02 4.65 14.30 0.284 4.062 
29 2.52 20.71 100.51 11.83 3.37 16.36 0.672 10.995 
30 6.94 31.25 117.56 29.51 3.09 18.63 1.613 30.046 
31 2.87 16.76 75.90 18.24 3.33 17.05 0.553 9.429 
32 6.08 27.58 109.20 24.38 3.18 18.13 1.255 22.753 
33 3.42 19.24 83.28 18.01 3.72 16.90 0.456 7.708 
34 7.02 38.42 168.70 36.50 3.45 18.19 1.141 20.759 
35 2.95 16.32 77.34 14.28 2.98 19.75 0.825 16.291 
36 2.49 19.08 114.95 1.03 3.52 17.33 0.795 13.775 
37 9.72 34.07 182.16 33.48 3.27 18.17 1.567 28.472 
38 1.72 14.44 77.53 12.05 3.72 14.43 0.38 5.485 
39 2.42 17.31 82.00 15.00 3.52 16.34 0.798 13.04 
40 1.64 15.02 93.61 10.26 3.87 13.38 0.291 3.893 
41 1.71 21.72 123.69 10.79 4.16 13.81 0.426 5.884 
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42 1.73 12.22 69.42 5.04 3.54 16.08 0.353 5.675 
43 5.01 21.54 77.83 27.40 3.02 20.06 1.103 22.131 
44 2.65 14.65 72.81 11.93 3.50 16.42 0.37 6.074 
45 1.14 16.81 118.74 6.61 4.38 14.71 0.324 4.767 
46 2.47 14.62 76.81 1.94 3.56 16.72 0.466 7.791 
47 2.74 20.50 172.87 10.11 4.02 16.46 0.492 8.097 
48 5.69 23.35 150.80 7.83 3.55 18.48 0.8 14.782 
49 1.28 26.19 288.47 9.20 4.90 13.96 0.426 5.946 
50 5.31 19.70 125.08 6.36 3.73 16.25 0.612 9.942 
51 4.71 15.26 64.87 17.75 3.19 17.27 0.631 10.895 
52 1.80 31.96 172.12 13.52 3.98 15.78 0.363 5.729 
53 4.87 22.11 151.22 17.37 3.46 16.14 0.595 9.606 
54 4.14 21.49 88.37 15.08 3.62 16.81 0.576 9.683 
55 1.32 29.15 234.94 6.58 4.91 13.23 0.37 4.894 
56 1.66 16.90 86.80 10.71 3.32 16.30 0.445 7.252 
57 2.18 24.21 125.63 17.39 3.87 13.62 0.45 6.13 
58 1.51 24.55 140.40 2.74 3.93 13.36 0.353 4.717 
59 3.22 12.53 99.75 4.80 3.69 16.67 0.668 11.133 
60 2.28 12.52 86.92 4.25 3.56 15.86 0.428 6.787 
61 4.69 19.61 101.12 9.25 3.17 17.71 1.163 20.596 
62 1.69 17.87 153.82 7.22 4.38 14.62 0.31 4.532 
63 0.88 18.32 99.19 10.77 4.17 13.59 0.235 3.194 
64 2.46 27.10 139.64 15.43 3.58 15.65 0.481 7.529 
65 6.72 35.60 185.63 13.58 3.84 16.46 0.809 13.32 
66 6.34 12.32 46.99 16.96 3.49 15.53 0.313 4.861 
67 5.10 10.42 41.68 17.12 3.10 15.92 0.356 5.666 
68 6.40 11.53 66.11 1.00 3.30 20.20 0.532 10.748 
69 4.92 21.82 199.04 5.37 3.74 16.35 0.575 9.399 
70 2.12 17.62 110.59 6.44 3.76 15.63 0.357 5.58 
71 5.09 25.60 108.15 21.69 3.38 17.30 0.527 9.118 
72 2.45 18.14 173.47 14.08 3.86 15.10 0.418 6.312 
73 0.91 4.43 212.68 7.12 5.23 13.36 0.286 3.82 
74 0.95 21.14 161.28 8.12 4.53 15.18 0.319 4.842 
75 2.66 12.31 70.49 12.84 3.42 17.13 0.627 10.739 
76 2.25 14.48 88.35 12.90 3.39 15.72 0.362 5.69 
77 5.45 14.01 61.82 17.63 3.09 17.71 0.467 8.269 
78 1.12 11.74 53.85 2.69 3.40 17.29 0.34 5.878 
79 2.04 15.07 160.81 2.93 4.65 13.40 0.255 3.418 
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Appendix C3. PƌiŶĐipal CoŵpoŶeŶts AŶalǇsis ;PCAͿ foƌ Δ aďuŶdaŶĐes ;aďuŶdaŶĐe speĐies X iŶ ϮϬϭϲ – 
abundance species X in 1996) of all species of the herb layer of the 79 plots in the Hasbruch forests. 
Only species vectors correlated with the axes (R²>0.3) are displayed. Eigenvalues: axis 1 – 12.821, axis 
2 – 6.298, proportion explained: axis 1 – 0.193, axis 2, 0.095. Only species vectors are shown in this 
diagram (additional to the triplot in Fig. 5-26). 
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Appendices to Chapter 6 
Appendix D1. Abundance (Braun-Blanquet cover-abundance values) of all species in the different 
layers (tree, shrub, herb) in the 56 quasi-permanent plots from Acidophilous oak forests in the 
lowlands of Lower Saxony investigated in 1990/91. 
Appendix D2. Abundance (Braun-Blanquet cover-abundance values) of all species in the different 
layers (tree, shrub, herb) in the 56 quasi-permanent plots from Acidophilous oak forests in the 
lowlands of Lower Saxony investigated in 2014/15. 
Appendix D3. Abiotic parameters of the 56 quasi-permanent plots from Acidophilous oak forests in 
the lowlands of Lower Saxony: Soil pH (pH), contents of the soil nutrients: plant available phosphorus 
(P), magnesium (Mg), calcium (Ca), potassium (K), C/N ratio (C/N). All parameters were measured in 
2014. 
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Appendix D1. Abundance (Braun-Blanquet cover-abundance values) of all species in the different layers (tree, shrub, herb, moss) in the 56 quasi-permanent plots from 
Acidophilous oak forests in the lowlands of Lower Saxony investigated in 1990/1991. 
Plot 3 4 5 6 8 13 14 16 18 21 25 27 31 32 35 36 37 41 46 48 49 50 52 56 57 60 63 67 69 70 71 72 73 76 81 83 84 93 94 95 96 98 100 101 107 109 110 111 112 115 117 119 120 121 122 123 
Year 90 91 91 90 90 90 90 90 91 91 91 90 90 91 90 90 90 90 90 90 91 90 90 90 90 90 91 90 90 90 90 91 91 90 90 91 90 90 90 90 90 91 90 90 90 90 90 91 90 90 91 90 90 90 90 90 
Tcov 70 70 70 60 70 60 65 70 65 55 75 75 65 70 80 70 70 80 75 70 65 70 60 85 70 80 70 75 65 75 75 70 75 80 70 75 65 70 65 65 70 70 70 70 70 75 70 70 75 65 75 70 75 70 80 55 
Scov 3 7 3 10 5 2 10 10 1 35 1 20 5 3 4 0 20 5 5 1 8 5 30 1 1 10 30 5 2 3 1 5 0 5 3 1 25 3 1 1 15 30 2 0 10 5 0 5 5 15 1 15 5 10 2 10 
Hcov 10 40 60 50 70 60 70 50 40 35 50 20 60 80 60 50 80 80 70 60 70 70 70 40 65 50 50 60 70 45 60 50 75 60 80 60 50 60 80 80 70 70 80 80 60 85 50 60 70 70 50 70 70 75 50 100 
Mcov 25 5 15 10 3 3 40 40 8 30 20 5 25 5 1 20 1 1 1 1 20 1 20 1 1 2 1 1 1 2 1 1 1 1 1 1 1 2 1 2 1 1 1 1 1 2 1 1 1 0 0 1 1 1 1 1 
Upper tree layer (T1)                                                                                                                 
Betula pendula · 2 · 2 2 · 4 2 1 2 2 2 · · · · 2 3 · · 2 2 3 · · 2 · · · 1 · 2 1 1 1 2 3 · · · · · 1 · · 1 · · · · · · · · · · 
Betula pubescens · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · 
Carpinus betulus · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 
Fagus sylvatica · 1 · · · · · · · · · · · · 2 · 1 · · · 1 · · · · · 1 · · · · · · 2 · · 2 · 1 1 2 · · · 1 1 2 1 2 · 3 · 2 1 3 · 
Hedera helix · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · 
Lonicera periclymenum · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Picea abies · · · · · 2 · · · · · · 1 · 2 · · · · 1 · · + · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · 
Pinus sylvestris · 1 · 1 · · + 3 · 1 · 2 1 · · · 2 1 1 · 1 · r · · 1 · · · · 1 · · · 1 · · · 2 · · · · · 2 · · · 1 2 · · · · · · 
Populus tremula · · · · · · · · · 2 · 1 · · · · · + · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · 
Prunus serotina · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Pseudotsuga menziesii · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · 
Quercus petraea · 4 4 · 4 4 · · 4 1 4 · 4 4 4 4 · · 4 4 · 1 r 4 4 · · 4 4 3 4 4 4 3 · · · · 3 4 · · · · · · 4 · · 3 4 · · · 4 · 
Quercus robur 4 · · 3 · · 1 3 · 2 · 4 · · · · 3 3 · 1 4 3 2 2 · 4 4 · 1 3 · · 2 3 4 4 3 4 1 · 4 4 4 4 4 4 · 4 4 2 · 4 4 4 · 3 
Sorbus aucuparia ssp. 
aucuparia · 1 · · · · · · · · · · · · · · · 1 · · · 1 1 · · · 1 · · · · · · + · · + · · · · · + 2 · · · · · · · · · · · · 
Lower tree layer (T2)                                                         
Betula pendula · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Carpinus betulus · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Fagus sylvatica · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Frangula alnus · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
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Luzula multiflora · r · · + · · · 1 · + · · r · + · · · · · + · · · · · · · · + · 1 · · + · + · · · · · · · · + · · · r · · · · · 
Luzula pilosa · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · + 1 1 1 · · + · 1 r · r 1 · + · · · 
Maianthemum bifolium · · · · 1 · · · · · · · · · · · · · · · · · 1 · 1 · 1 · · · 1 1 · 1 · · 1 · 1 1 + 1 1 · 2 · + · · 1 1 · 1 1 · 1 
Melampyrum pratense · · 1 · 1 + · · 2 · 1 · · 1 · · 1 · · 1 1 2 · · 1 · 1 + + · 1 + 1 1 · · · · · · · · · 1 · 2 · · · · r · · + · · 
Milium effusum · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 + 1 · · · · · · + 1 · · 1 · 1 1 2 1 
Moehringia trinervia · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · 1 · · · + · · · · · 
Molinia caerulea · · · · 1 · · + · · · · · · · · · · · · · · · · r · 1 · 1 · + · r + · 1 + 1 1 · · · · · · · · · · · · · · + · · 
Mycelis muralis · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Oxalis acetosella · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · + 1 · 2 · 2 · · · · · 2 1 1 1 2 2 1 2 1 
Persicaria maculosa · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Persicaria minor · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Picea abies · · · · · + · · · · r · · · + · · · r · · · · · · · · · + · · · · · · · · · r · · · · · · · · · · · · · · · · · 
Pinus sylvestris + · · + · + r + · + · · + · · · · · r + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Poa annua · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Poa nemoralis · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · · · 
Poa pratensis · · · · · · · · · + · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · 
Poa trivialis · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · · 
Polygonatum multiflorum · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 r · + · · 1 + 1 + · · + + 
Polypodium vulgare · · · · · · · + · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · 
Populus tremula · · · · · · · · · 1 · · · · · · · + · · · 1 · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · 
Potentilla erecta · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Prunus avium  · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Prunus serotina r · · 1 · · · · · · · · · · · · · · · + · · + · + · · + + + · · · · + + 1 · · · · + + + + + + · · · + · · · · · 
Prunus spec. · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Prunus spinosa · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Pseudotsuga menziesii · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Pteridium aquilinum · · · · · r · · · · · · · 2 + · 2 3 · · · · · · · · · · 4 · · · · · · · 2 · 1 2 · 4 4 · · · · 1 · 2 · · 1 3 1 · 
Quercus petraea · 1 + · 2 1 · · 2 + 2 · 1 2 1 2 · · 1 1 · 1 · 2 1 · · 1 1 1 2 1 1 1 · · · · 1 1 · · · · · · 1 · · 1 1 · · · 1 · 
Quercus robur + · · 1 · · 1 1 · 1 · + · · · · 1 1 · + 1 1 1 1 · + + · + 1 · · 1 1 1 + 1 1 + · + + + + + + · 1 + 1 · + 1 1 · · 
Quercus rubra · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Ranunculus acris · · · · · · · · · · · · · · · · · · · · · · · · · · · · · r · · · · · · · · · · · · · · · · · · · · · · · · · · 
Ribes uva-crispa · · · · · · · · · · · · · · · · · · · · · · · · · · · · · r · · · · · · · · · · · · · · · · · · · · · · · · · · 
Robinia pseudoacacia · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Rosa canina · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Rubus fruticosus agg. · · · · · · · · · · · · · · · · · r · 1 + + · + · · + · + · · · · + + + 1 · + · 2 1 + 1 1 1 2 2 1 + 2 3 2 2 2 4 
Rubus idaeus · · · · · · · · · · · · · · · · · · · · · · · 1 · 2 · · 1 · · · · · · r + 1 + 3 · 1 · · · · 2 3 2 2 3 2 1 2 2 2 
Rumex acetosa · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · r · · · · + · · · · · · · 
Rumex acetosella  · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Salix aurita · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Sambucus nigra · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · r · · · · · · · · · · · · · 1 · · · · · · · · · 
Scorzonera humilis · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
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Plot 3 4 5 6 8 13 14 16 18 21 25 27 31 32 35 36 37 41 46 48 49 50 52 56 57 60 63 67 69 70 71 72 73 76 81 83 84 93 94 95 96 98 100 101 107 109 110 111 112 115 117 119 120 121 122 123 
Solidago gigantea · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Solidago virgaurea  · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · 
Sorbus aucuparia  · 1 · 1 + + + · 1 · + · · + + + 1 1 · + 1 1 1 + 1 1 1 + + 1 + 1 1 1 1 + 1 · 1 · + 1 + 1 1 1 + 1 1 1 + 1 1 1 1 1 
Stellaria graminea · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Stellaria holostea · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 2 1 · · · 2 · 1 1 + · · 1 2 2 2 · 1 
Stellaria media · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Taraxacum officinale agg. · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · + · · · · · · · · 
Taxus baccata · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Teucrium scorodonia  · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · 
Tilia cordata · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Trientalis europaea · · · · 1 · 1 · 1 · + · + + 1 1 · 1 · · 2 · · · 1 1 1 1 1 · 1 1 1 1 · · 1 2 2 1 1 2 · · 1 · 1 1 1 1 1 · · 2 · · 
Ulex europaeus · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · 
Urtica dioica  · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · 1 · · · · r · · · 
Vaccinium intermedia · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Vaccinium myrtillus · 3 1 · 3 4 3 + r 1 2 · 3 4 4 1 4 4 4 3 3 + 2 3 2 1 + 4 1 · 3 3 · + 3 · 3 3 3 1 2 · · · 2 · · 1 3 3 1 · 2 2 · · 
Vaccinium vitis-idaea · · · · · 2 · · · · 1 · · 1 · · · · · · 2 · 1 · 1 · · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Verbascum thapsus · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Veronica offinalis · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · 
Viola riviniana · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · · · 
Moss layer                                                                                                                 
Atrichum undulatum var. 
undulatum ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙ + ∙ ∙ ∙ ∙ 1 + ∙ ∙ ∙ + ∙ ∙ ∙ ∙ 
Aulacomnium androgynum + ∙ + ∙ + ∙ ∙ + ∙ 1 ∙ + ∙ ∙ ∙ ∙ ∙ r ∙ + ∙ + ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ r + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Brachythecium populeum ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Brachythecium rutabulum ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ + ∙ + ∙ 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ 1 ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Calypogeia muelleriana ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ r ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Campylopus flexuosus et 
pyriformis* + 1 ∙ + 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ r ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ r ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Campylopus introflexus ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Ceratodon purpureus subsp. 
purpureus ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Cladonia coniocraea ∙ 1 1 ∙ + ∙ ∙ ∙ ∙ r ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Cladonia digitata ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Cladonia furcata subsp. 
furcata ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Cladonia macilenta subsp. 
macilenta + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Cladonia portentosa + ∙ r ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Cladonia pyxidata 1 + r + ∙ ∙ ∙ r ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Cladonia squamosa ∙ ∙ ∙ ∙ ∙ ∙ ∙ r ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Dicranella heteromalla 1 + 1 + + ∙ ∙ ∙ r ∙ ∙ r ∙ + r ∙ ∙ ∙ + + ∙ + ∙ + + + ∙ + r + + ∙ ∙ ∙ 1 + 1 + ∙ + + + 1 ∙ ∙ ∙ 1 + ∙ ∙ ∙ + + + ∙ + 
Dicranoweisia cirrata ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Dicranum flagellare ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Dicranum majus ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Dicranum montanum ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ r ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Dicranum polysetum ∙ ∙ ∙ ∙ ∙ ∙ 2 + + 1 1 + 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Dicranum scoparium 2 1 2 1 + + 2 2 1 2 1 + 2 + + + + ∙ + ∙ 1 + + + ∙ r r ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ + + ∙ ∙ ∙ ∙ ∙ r ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Eurhynchium praelongum ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ 1 1 r ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Herzogiella seligeri ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Hyloconium splendens var. 
splendens ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Hypnum cupressiforme var. 
cupressiforme et jutlandicum 1 1 1 2 1 1 2 1 1 1 1 r 2 + 1 2 + 1 r + 1 + ∙ ∙ 1 + + + r ∙ ∙ ∙ + + ∙ ∙ ∙ 1 + 1 ∙ ∙ + + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
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Plot 3 4 5 6 8 13 14 16 18 21 25 27 31 32 35 36 37 41 46 48 49 50 52 56 57 60 63 67 69 70 71 72 73 76 81 83 84 93 94 95 96 98 100 101 107 109 110 111 112 115 117 119 120 121 122 123 
Lepidozia reptans ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ r ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Leucobryum glaucum 1 ∙ 1 1 ∙ ∙ ∙ ∙ 1 ∙ 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ r ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Lophocolea bidentata ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Lophocolea heterophylla + ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + r ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ r + ∙ r ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ + r ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ 
Mnium hornum ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + + ∙ ∙ ∙ ∙ + ∙ + 1 ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ 
Plagiothecium denticulatum 
var. denticulatum ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Plagiothecium laetum var. 
secundum ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ r ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ + + ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙ 1 ∙ 1 + ∙ + ∙ + + + + ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Pleurozium schreberi 1 + + 1 ∙ ∙ 2 2 1 1 2 1 + 1 + 1 1 ∙ ∙ ∙ 2 ∙ 2 ∙ ∙ + + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Pohlia nutans  + 1 + + ∙ ∙ + + ∙ ∙ ∙ ∙ + r ∙ ∙ ∙ ∙ + + ∙ ∙ + + ∙ + ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + + ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ 
Polytrichum formosum ∙ ∙ + ∙ 1 ∙ + 2 1 ∙ 1 ∙ 1 1 + ∙ ∙ ∙ + 1 1 ∙ + ∙ ∙ ∙ ∙ ∙ r ∙ ∙ ∙ ∙ ∙ ∙ r r 1 + 1 + r ∙ ∙ ∙ ∙ + 1 ∙ ∙ + ∙ 1 ∙ + ∙ 
Polytrichum juniperinum ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Pseudotaxiphyllum elegans ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Rhytidiadelphus squarrosus ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ r ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Scleropodium purum ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 2 ∙ 1 ∙ ∙ 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ 1 ∙ ∙ ∙ ∙ r ∙ ∙ ∙ ∙ ∙ 
Tetraphis pellucida ∙ 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ + ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Thuidium tamariscinum ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
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Appendix D2. Abundance (Braun-Blanquet cover-abundance values) of all species in the different layers (tree, shrub, herb, moss) in the 56 quasi-permanent plots from 
Acidophilous oak forests in the lowlands of Lower Saxony investigated in 2014/2015. 
Plot 3 4 5 6 8 13 14 16 18 21 25 27 31 32 35 36 37 41 46 48 49 50 52 56 57 60 63 67 69 70 71 72 73 76 81 83 84 93 94 95 96 98 100 101 107 109 110 111 112 115 117 119 120 121 122 123 
Year 15 14 15 15 14 15 15 14 15 15 15 15 14 15 14 15 14 14 14 15 15 15 15 15 15 14 15 15 15 14 15 15 15 14 15 15 15 14 14 14 14 15 15 14 14 14 15 14 14 14 14 14 14 14 14 15 
T1cov 70 35 60 60 75 40 20 35 75 45 20 80 75 25 40 26 40 25 30 40 80 65 9 85 65 15 80 70 95 30 85 60 70 65 70 40 85 20 35 50 55 75 80 70 45 80 40 30 70 30 20 40 50 60 80 30 
T2cov 30  5   5  3       5    10   3 15  1     <1  30    3   10         <5       5 25 
Scov 15 2 1 25 5 10 20 10 <1 15 40 <1 25 40 12 10 10 2 10 20 10 10 60 1 5 75 50 10 <1 30 <1 <1 <1 10 10 30 10 20 20 60 8 25 10 40 12 15 30 40 15 5 70 40 10 15 15 15 
Hcov 5 15 50 60 70 75 60 50 50 20 40 30 70 60 1 95 90 95 80 50 0.5 40 30 55 60 2 25 50 <1 10 70 6 35 50 65 65 10 85 20 1 90 50 80 40 70 60 60 40 40 80 10 37 60 15 20 70 
Mcov 5  <1 10 1 5 25 60 <1 30 2 <1 2 25 3 <1 1 2 1 <1 1 <1 7  <1 2 <1 <1 <1 <1 <1  <1 
< 
1 <1 <1 <1 2 <1 <1 <1 <1 <1 <1 <1  <1 1   <1  <1 <1 <1 <1 
Upper tree layer (T1)                                                                                                                 
Betula pendula · · · 2 r · 2 r 2 2 2 · · · · · 1 2 · · r · + · · · · · · · · 2 · + 1 · 2 · · · · · 2 · · r · · · · · · · · · · 
Betula pubescens · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · 
Carpinus betulus · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Fagus sylvatica · 2 · · · · · · · · · · · · 2 · 1 · · · 4 · · · · · · · 3 · · 2 · 2 · · 4 · 2 2 2 · · · 2 + 2 2 2 · 2 · 2 1 4 · 
Hedera helix · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · + + · r 
Lonicera periclymenum · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · · · 
Picea abies · 1 · · · · · · · · · · 1 · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · 
Pinus sylvestris  · 1 · 1 · · · 2 · 1 · · + · · · 2 1 1 · 1 · r · · 1 · · · · + · · · 2 · · · + · · · · · 1 · · · 1 1 · · · · · · 
Populus tremula · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Prunus serotina · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · r 1 · · · · · · · · · · · · 
Pseudotsuga menziesii · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · 
Quercus petraea · 2 4 · 4 3 · · 4 2 2 · 4 · 2 3 · · 3 3 · 2 · 5 4 · · 4 5 2 5 3 4 3 · · · · 2 3 · · · · · · 3 · · 2 2 · · · 3 · 
Quercus robur 4 · · 3 · · 2 2 · 2 · 5 · 2 · · 3 2 · · 2 4 2 2 · 2 5 · · 2 · · · 2 4 3 2 2 1 · 3 4 4 4 3 4 · 3 3 2 · 3 3 4 · 3 
Sorbus aucuparia  · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · 1 · 1 · · · · · · · · · · 
Lower tree layer (T2)                                                                                                                 
Betula pendula · · · · · · · 1 · · · · · · · · · · · · · 2 r · · · · · · · · · · · · 2 · · · · · · · · · · · · · · · · · · · · 
Carpinus betulus · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · r · · · · · · · · · · · · · · · · · · · · · · · 2 
Fagus sylvatica · · 2 · · · · · · · · · · · · · · · + · · · · · · · · · · r · 3 · · · · · · 1 · · · · · · · · · · · · · · · 2 · 
Frangula alnus 2 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Hedera helix · · · · ·  · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · r · · · · · · + + 
Picea abies · · · · · 1 · · · · · · · · 2 · · · 2 · · · · · · · · · · · · r · · · · · · · · · · · · · · · + · · · · · · · · 
Prunus serotina 1 · · · · · · · · · · · · · · · · · · · · · r · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Quercus petraea · · · · · · · · · · · · · · · · · · · · · 1  · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · 
Quercus robur · · · · · · · · · · · · · · · · · · · · · · 2 · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · 
Quercus rubra · · · · · · · · · · · · · · · · · · · · · · r · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Shrub layer                                                                                                                 
Acer pseudoplatanus · · · · · · · · · · · · · · · · · · · 2 · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · · + 
Amelanchier lamarckii · · · · · · · · ·  · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · r · · · 
Betula pendula · · · · · · 1 1 · r · r · · · r · · · · · · · · · 1 · · · · · · · · · r · · + · · · · · · · · · · · · · · · · 1 
Betula pubescens  · · · · · · + + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Carpinus betulus · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · + 
Corylus avellana · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · + r · · · + 1 · 2 
Crataegus monogyna · · · · · · · · · · · · · · · · · · · r · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · r 
Euonymus europaeus · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 
Fagus sylvatica · + r · · · 1 1 · + · · 2 · 2 2 1 r 1 2 1 2 · · · 4 r · · 2 1 r · · r + 2 1 2 4 1 · · · 2 · 3 3 1 · 4 · 2 · 2 r 
Frangula alnus 2 · · 2 1 · 1 1 1 · · + · · · · 1 · · · 1 2 1 · 1 1 2 1 · · · · 1 1 1 2 1 · · · · · + 1 2 2 1 · 1 1 1 · · r · · 
Fraxinus excelsior · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Hedera helix · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · r · · · · r · · r + r · · · · + r 
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Plot 3 4 5 6 8 13 14 16 18 21 25 27 31 32 35 36 37 41 46 48 49 50 52 56 57 60 63 67 69 70 71 72 73 76 81 83 84 93 94 95 96 98 100 101 107 109 110 111 112 115 117 119 120 121 122 123 
Ilex aquifolium r · · + · · · · · · · · · · · · · r · · · · · · · · 2 · · r · · · · · · 1 · · · · 2 + · · r · · 1 · · · 2 + · · 
Juniperus communis + · · · · + · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Larix decidua · · · · · · · · · · · · · · r + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Lonicera periclymenum · · · · · · · · · · · · · · · · + · · · · 1 · + · + + · · 1 · · · + 1 1 · · + + 1 1 · 1 · 1 · · · · + 1 1 r · 1 
Picea abies · 1 · · 1 1 r · · · + · 2 3 · · + · + 2 · · · · + · · · 1 · · · · · · · · 2 + · · · · · · · · · · · · + · + · · 
Pinus sylvestris r · · 1 1 1 1 1 · 1 + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Populus tremula · · · · · · · · · · · 1 · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Prunus avium · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Prunus serotina 2 · · 1 · · · · · · · · · · · · 1 · + 2 · + 3 + 1 · 1 1 · 2 · · · 2 2 2 · · r · 1 + 1 2 + 1 + · · · r 2 · · · · 
Pseudotsuga menziesii · · · · · + · · · · · · 1 · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · 
Quercus petraea · · · · 1 2 · · · 2 3 · · · · + · · · + · · · + · · · · · · · · · · · r · · + · · · · · · · · · · · · · · · 1 · 
Quercus robur · · · 1 · · 2 · · 2 · + · · · · · · · · · · 2 · · · · · · · · · · · + · · r · · · · · · · 1 · · · r · · · · · · 
Rubus fruticosus agg. · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 + · · · 1 · · · · 1 
Rubus idaeus · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · r · · · · · 1 · · · · · · · · · 
Sambucus nigra · · · · · · · · · · · · · · · · · · r · · · · · · · · · · · · · · · · · · · · · · · · · · · r · · · · · · · · · 
Sorbus aucuparia · · · · 1 1 1 + · · · · + · · · 1 1 r · 1 1 1 · 1 1 2 1 · 1 · · · 1 1 1 · · · · 2 2 1 2 + 1 1 1 1 r 1 2 + · + + 
Tilia cordata · · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · 
Herb layer                                                                                                                 
Acer platanoides · · · · · · · · · · · r · · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · 
Acer pseudoplatanus + · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · r · · · + · · · + 1 · · · · · · · + + · · · · · · · · 
Aegopodium podagraria · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Agrostis capillaris 1 · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · 1 · · · · · · · 1 · · 
Agrostis stolonifera 1 1 1 · · · · · 1 · · 1 1 · · 1 · 1 + · · · · · · · · · · · · · · 1 · 1 · 2 · · · · · · · r · · · · · · · · · 1 
Agrostis vinealis · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · r · · · · · · · · · · 
Ajuga reptans · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · 
Alliaria petiolata · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Amelanchier lamarckii · · · · · · · · · · · · · · · · · · · · · · · · · · · · · r · · · · · · · · · · · · · · r · · · · · · · · · · · 
Anemone nemorosa · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · 
Anthoxanthum odoratum · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Arrhenatherum elatius · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · 
Athyrium filix-femina · · · · · · · · · · · · · · + · · · r r · · · · · r · · · · · · · · · · · · · · · · · · · · 2 + · · · · · · · · 
Betula pendula · · r · r r · + · + · · · · · 1 · · · · · · r + · · · · · · · · · · · r 1 · · · · · · · · · · · · · · · · · · · 
Betula pubescens  · · · · · · + + · · · · · + · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Brachypodium sylvaticum · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Calamagrostis canescens · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Calamagostris epigejos · · · · · · · · · · · · · · · · · · r · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Calluna vulgaris · r · 1 1 · 1 1 · 1 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Cardamine flexuosa · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Carex arenaria 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · 1 · 1 · · · · · · · · · · 
Carex canescens · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Carex leporina · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Carex pendula · r · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Carex pilosa · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Carex pilulifera · 1 2 · 1 1 1 · 1 · 1 · · 1 1 1 + r · 1 · 1 · 1 · · · · · r 1 · 1 + · 1 · 2 · · · · · · 1 1 + 1 r + r · · r · · 
Carex remota · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · 1 · · · 
Carpinus betulus · · · · · · · · · · · r · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · r · · · · · + 
Ceratocapnos claviculata r · · · · · · · + · · · · · · · · · · · · · · 1 1 · · 1 · · · · · · r · · · · · · · · · · · · · · · · · · · · 1 
Chaerophyllum temulum · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Circaea lutetiana · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · 2 · · · 
Convollaria majalis · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · 1 1 · · 
Conyza canadensis · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · 
Corylus avellana · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · r · · · 1 · · 1 
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Plot 3 4 5 6 8 13 14 16 18 21 25 27 31 32 35 36 37 41 46 48 49 50 52 56 57 60 63 67 69 70 71 72 73 76 81 83 84 93 94 95 96 98 100 101 107 109 110 111 112 115 117 119 120 121 122 123 
Crataegus laevigata · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Crataegus monogyna · · · · · · · · r · · · · · · · · · · 1 · r · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Crataegus spec. · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Cytisus scoparius · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Dactylis glomerata · 1 · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Danthonia decumbens  · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Deschampsia cespitosa  · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · 
Deschampsia flexuosa 1 1 2 3 2 1 2 2 3 2 1 2 2 1 1 2 1 1 1 1 1 2 2 2 1 · 1 1 + 1 2 1 2 2 2 1 · 3 1 · · · 1 2 1 2 · r 1 1 + · · 1 · · 
Digitalis purpurea · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Dryopteris carthusiana r 1 1 · · + r 1 + · · · 1 1 1 1 1 · 2 1 1 · + + 2 1 + 1 + · 1 · 1 · · 1 + 1 1 1 r · · · 1 · 1 1 · + 1 1 · + + + 
Dryopteris dilatata + 1 1 · · · · 1 + · · · · 1 · + 1 · 2 r · · · 1 2 r 1 2 · · r · · + 1 + 2 · 1 · 2 · 2 1 4 1 1 1 2 1 1 2 2 1 · 1 
Dryopteris filix-mas r · · · · · · · · · · · · 1 · + · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · r · · · · · · · · · 
Elymus repens ssp. repens · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Epilobium angustifolium · · · · · · · · · · · · · · · · · · r · · · · · · · · · · · · · · · · 1 · · · · · · r · · · · · · · · · · · · · 
Epilobium montanum 1 · 1 · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Epilobium tetragonum  · · 1 · 1 · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Euonymus europaeus · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 
Fagus sylvatica 1 1 1 r · · + 1 · · · · · · 1 · 1 1 · + 1 1 r · · · + · · 1 2 1 · 1 · + 1 1 1 · · · · · 1 · 1 1 1 · 1 · 1 + 1 + 
Fallopia dumetorum · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Festuca filiformis · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Festuca gigantea · · · · · · · · · · · · · 1 · · · 1 1 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Festuca ovina · · · · · · · + 2 2 1 · · · · · · · · · · 2 1 · · · · · · 1 · · 2 1 · · · · · · · · · · · · · · · · · · · · · · 
Festuca rubra ssp. rubra · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Frangula alnus 1 1 · 2 1 · 1 1 1 r 1 r · · · · 1 1 · · 1 1 1 1 1 r 1 + · · 1 · 1 1 · · 1 · r · · · · · 1 1 · · 1 + · · · + · · 
Fraxinus excelsior · · · · · · · · · · · · · · · · · · · 1 · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Galeopsis bifida 1 · + · · · + 1 · · · · 1 1 · · · · · 1 · · · · · r · · · · 1 · · + · 1 · 1 · · · · · · · · 1 · · · · · + · · + 
Galium aparine 1 · · · · · · · · · · · · r · · · · · r · · · · · + · · · + · · · · · 1 · · · · · · · · · · · · · · · · · · · · 
Galium saxatile · · · · · · · · 1 · · · · · · · · · · · · · 1 · · · · · · · · · 1 1 · · · 1 · · · · · · · + · · · · · · · · · · 
Geranium robertianum  · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Geum urbanum + · · · · · · · · · · · · 1 · · · · · · · r · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Glechoma hederacea · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Hedera helix 1 · · · · · · · · · · · · · · · · + · · r · + 1 · 1 · · · 1 · · · 1 · + · · · 1 1 · · · 1 · r 2 1 1 · · 1 1 1 1 
Hieracium lachenalii · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Hieracium laevigatum · · 1 · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · 
Hieracium spec. · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Hieracium umbellatum · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Holcus lanatus · 1 · · · · · 1 · · · 1 · · · · 1 1 1 · · · 1 1 · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · 
Holcus mollis · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · 1 · 1 · · · · · · · 1 · · · · 1 · · 1 · · 
Hypericum perforatum · · · · · · · · 1 · · · · · · · · r · · · · r · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Hypericum spec. · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Ilex aquifolium 1 · · 1 · · · · · · · · r · · · + · 1 · · · · · + · 1 + · · · · r r r · 1 · · · + 1 1 · · + · r + · r r 1 1 · · 
Impatiens glandulifera · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Impatiens noli-tangere · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · 
Impatiens parviflora · + 2 · · · 1 · · · · · · 1 · · · 1 2 1 · · 1 · · · · · · 1 · · · 2 · · · · · r · · · · · · 1 1 · · · · · · r · 
Juncus effusus · r · · · r · · · · · · · + · 1 · · r · · · · · · · · · · + · · · · · 1 · 2 · · · · · · · + · + · · · · r · · · 
Juniperus communis · · · · · · · · · · r · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Lamium galeobdolon · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · 2 · · · 
Larix decidua · r · · · · · · · · · · · · · 1 · · · · · · · · · · r · · · · · · · · · · · · · · · · · · · · · · · · · · · · r 
Linaria vulgaris · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Lolium perenne · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Lonicera periclymenum · · · · · · · 2 1 · · + · · · · 1 2 · · · 1 · 2 1 r 1 1 · 1 · · · 1 2 2 · · 1 + 2 1 · 2 2 2 · 1 · 1 1 1 1 2 1 2 
Luzula campestris · · · · · · · · · ·  · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
 244 
 
Plot 3 4 5 6 8 13 14 16 18 21 25 27 31 32 35 36 37 41 46 48 49 50 52 56 57 60 63 67 69 70 71 72 73 76 81 83 84 93 94 95 96 98 100 101 107 109 110 111 112 115 117 119 120 121 122 123 
Luzula multiflora · 1 · · · · · · · · · · · · · · · r · · · · · · · · · · · · · · · · · r · · · · · · · · · · · · · · · · · · · · 
Luzula pilosa · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · · 1 · · · · · · · + 1 · · · · r · · · 
Maianthemum bifolium · · · · · · · · · · · · · · · · · · · · · · · · 2 · 1 1 · · · · · 2 · · · · 1 r · 1 · · · · · · · 1 · · · 1 · 1 
Melampyrum pratense + · 1 · · + · · 1 · 1 · · 1 · 1 1 · · 1 · 2 · · · · · · · · 1 · 1 1 · · · · · · · · · r · · · · · · · · · 1 · · 
Milium effusum  · 1 · · · · · · · · · · · · · · · · · 2 · · · · · · · · · · · · · · · · · 1 · r · · · · · · 1 1 · · r · 1 r 1 1 
Moehringia trinervia 1 · 1 · · · · · · · · · · 1 · · · · · 1 · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · 
Molinia caerulea · · · 1 2 + · 1 1 · · · · · · · · · r · · · · · + · · · · · · · 1 1 · 1 · 1 1 + · · r · · 1 · · · · · · · · · · 
Mycelis muralis 1 · · · · · r · · · · · · 1 · · 1 1 · 1 · · + · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · 
Oxalis acetosella · 1 · · · · 1 · · · · · · 1 · · · · 1 1 · 1 · · 1 · 2 · · · · · · · · 1 2 1 1 1 · 3 · · · · 1 1 · 2 · 2 2 1 1 1 
Persicaria maculosa · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Persicaria minor · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Picea abies · + r · 1 1 · · · · r · 1 1 1 1 · · 1 · · · · · + · · + · · 1 · · 1 · · · 1 · · · · · · · · r · · · · · · r · · 
Pinus sylvestris · · + 1 + · 1 1 · + 1 + 1 · + 1 1 1 + + · r r + · r · r + · + · r · · · · · 1 · · · · · · · · · · · · · · · · · 
Poa annua · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Poa nemoralis · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · 
Poa pratensis · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Poa trivialis  · · · · · · · · · · · · · 1 · · · 1 + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Polygonatum multiflorum · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · r · · · · 1 · + r r · 1 1 
Polypodium vulgare · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · 
Populus tremula · · · · · · · · · · · 1 · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Potentilla erecta · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Prunus avium  · · · · · · · · · · · · · · · · · · · + · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · 
Prunus serotina 1 · · 1 · · · 1 · · + · · + · · 1 + · 1 · + 2 1 1 · 1 · · · · · 1 1 1 1 r · · · + + 1 2 r 1 1 · + 1 · 1 · r · · 
Prunus spec. · · · · · · · · · · · · · · · · · · r · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Prunus spinosa · · · · · · · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · 
Pseudotsuga menziesii · 1 · · · · · · · · · · 1 · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · r · · · · · 
Pteridium aquilinum · 2 · · · 2 · · · · 1 · · 1 · · 4 5 · · · · · · · · · · · · · · · · · · · · 1 1 · 3 5 · · · · · · 4 · · 1 2 · · 
Quercus petraea · + 1 · 2 2 · · 1 1 3 · 1 1 1 1 · · 1 1 · 1 · 1 1 · · 1 · 1 1 + 1 1 · · · · 1 1 · · · · · · 1 · · 1 1 · · · 1 · 
Quercus robur 1 · · 1 · · 1 1 · 1 · + · · · · · · · · · 1 1 1 · · · · · 1 · · · 1 r + 1 1 r · · 1 1 1 · 1 · 1 1 1 · + 1 1 · 1 
Quercus rubra · · · · 1 · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Ranunculus acris  · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Ribes uva-crispa · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Robinia pseudoacacia · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Rosa canina · · · · · · · · · · · · · · · · · · · r · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Rubus fruticosus agg. r 1 1 · 1 · · · 1 · · · · 1 · 1 1 + 1 1 1 1 1 1 1 + 1 1 + 1 · · + 1 1 2 + 1 1 · 5 1 r 1 2 1 2 2 2 1 1 1 2 1 2 3 
Rubus idaeus · 2 1 · · · 1 1 · · · 1 1 1 1 1 3 3 3 2 · · + 1 · 1 2 · · · · · · 1 · 1 · 1 2 · + 2 · · · · 3 2 2 1 1 · 2 1 1 3 
Rumex acetosa · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Rumex acetosella  · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Salix aurita · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Sambucus nigra · · · · · · · · · · · · · · · · · r · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · 
Scorzonera humilis · · · · · · · · · · · · ·  · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Solidago gigantea · · · · · · · · · · · · · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Solidago virgaurea  · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Sorbus aucuparia  r 1 r 1 1 1 1 1 1 + + 1 1 + + · 1 1 1 1 1 1 1 1 1 · 1 + · 1 1 · 1 1 1 1 r · 1 · 1 1 1 1 · 1 1 1 1 1 1 + 1 1 + 1 
Stellaria graminea · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · 
Stellaria holostea · · · · · · · 1 · · · 1 · · · · · · · · · · · · · · · · · · · · · · · 1 · · 1 · · · · 1 · 2 2 · · · 1 2 2 1 · 2 
Stellaria media · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · 
Taraxacum officinale agg. 1 · · · · · · · · · · + · · · · · · r · · · · · · · · · ·  + · · · · · · · · · · · · · · · · · · · · · · · · · 
Taxus baccata 1 · · · · · · · · · · · r · · · · · · · · · · · · · · · · r · · · + · · · · · · · · · · · · · r · · · · + · r · 
Teucrium scorodonia  · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 · · · · · · · · · 
Tilia cordata · · · · · · · · · · · · · · · · · · · · · r · · · · · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · 
Trientalis europaea · 1 · · 1 · 1 · 1 · 1 · · 1 · 1 · 1 · r · · · 1 1 · · · · · 1 · 1 1 · · 1 1 1 · · 1 · · · · · · 1 1 · · · 1 · · 
 245 
 
Plot 3 4 5 6 8 13 14 16 18 21 25 27 31 32 35 36 37 41 46 48 49 50 52 56 57 60 63 67 69 70 71 72 73 76 81 83 84 93 94 95 96 98 100 101 107 109 110 111 112 115 117 119 120 121 122 123 
Ulex europaeus · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Urtica dioica ssp. dioica 1 · 1 · · · · · · · · 1 · 2 · · 1 1 2 1 · · · · · 1 · · · · + · · · · + · + · · · · · 1 · · · · · · · · 1 · · 1 
Vaccinium intermedia · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · r · · · 
Vaccinium myrtillus · 1 1 · 4 4 3 1 · 1 2 1 4 2 1 5 3 1 3 2 1 1 2 3 2 · + 3 + · 4 2 · 1 4 · · 4 2 · 1 · · · 1 · · · 2 3 1 · + 1 · · 
Vaccinium vitis-idaea · · · · · 2 · · · · 1 · · · · · · · · · · · 1 · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Verbascum thapsus · · · · · · · r · · · · · · r · · · · · · · · r · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Veronica offinalis · · 1 · · · · · + · · · · 1 · · · 1 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Viola riviniana · · · · · · · · + · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 
Moss layer                                                                                                                 
Atrichum undulatum var. 
undulatum ∙ ∙ r ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Aulacomnium androgynum ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Brachythecium populeum ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Brachythecium rutabulum 1 ∙ 1 1 ∙ 1 1 ∙ 1 ∙ ∙ 1 ∙ 1 ∙ r ∙ 1  +  1 ∙ 1  +  ∙ r  1  +   +   +   +   +  ∙  +   +  ∙ 1 ∙ ∙ ∙ ∙ ∙  +  ∙ ∙  +   +  ∙ ∙ ∙ ∙ ∙ ∙  +   +  ∙ ∙ 
Calypogeia muelleriana ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Campylopus flexuosus ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Campylopus introflexus ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Ceratodon purpureus subsp. 
purpureus ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Cladonia coniocraea ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Cladonia digitata ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Cladonia furcata subsp. 
furcata ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Cladonia macilenta subsp. 
macilenta ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Cladonia portentosa ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Cladonia pyxidata ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Cladonia squamosa ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Dicranella heteromalla ∙  +  ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ r  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  r ∙ ∙  +  ∙  +  ∙  +  ∙ ∙ ∙  +  ∙ ∙  +  ∙ ∙ ∙ ∙  +  ∙ ∙ ∙ ∙  +  
Dicranoweisia cirrata ∙ ∙ ∙ r ∙ ∙ ∙ ∙ ∙ ∙ r  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Dicranum flagellare ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Dicranum majus ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Dicranum montanum ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Dicranum polysetum ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ 2 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Dicranum scoparium 1 ∙ 1 1 ∙ 1 ∙  +  ∙  +  ∙ 1 ∙ r  +  ∙  +  ∙ ∙ ∙ ∙ ∙  +  ∙  +  ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ 
Eurhynchium praelongum r r ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 1 1  +  ∙ r  ∙ ∙ ∙ ∙ 1  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙  +  ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ 
Herzogiella seligeri ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Hyloconium splendens var. 
splendens ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Hypnum cupressiforme  var. 
cupressiforme 1 1 1 1 1 ∙ ∙ r  1 r  1 ∙ 1 1 1 ∙ 1 ∙ 1 ∙ 1 ∙ ∙ ∙ 1 ∙ r 1 r   +   +   +  ∙  +   +  ∙  +  1  +   +   +  ∙  +   +   +  ∙  +   +  ∙ ∙  +  ∙ 1 ∙  +   +  
Hypnum jutlandicum 1 ∙ r 1 ∙ 1 1  +  ∙ ∙ ∙ 1 ∙ 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Lepidozia reptans ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Leucobryum glaucum ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Lophocolea bidentata ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ r  r  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Lophocolea heterophylla ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Mnium hornum ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙  +  ∙  +  ∙ ∙  +  ∙  +  
Plagiothecium denticulatum 
var. denticulatum ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Plagiothecium laetum var. 
secundum ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Pleurozium schreberi ∙ ∙ ∙ 1  +  1 2 1 ∙ 2 1 1 ∙ 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 2 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Pohlia nutans  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Polytrichum formosum 1 1 r ∙  +  ∙ ∙ 1 ∙  +  1 1 1 2 1 1 ∙ ∙ 1 1 1 1  +  ∙ ∙ 1 1 ∙ 1 ∙  +   +   +  ∙ 1  +  ∙  +   +   +  ∙ ∙ ∙ ∙  +  ∙ 1 1 ∙ ∙ r ∙ ∙ r ∙ ∙ 
Polytrichum juniperinum ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Pseudotaxiphyllum elegans ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ r ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  
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Plot 3 4 5 6 8 13 14 16 18 21 25 27 31 32 35 36 37 41 46 48 49 50 52 56 57 60 63 67 69 70 71 72 73 76 81 83 84 93 94 95 96 98 100 101 107 109 110 111 112 115 117 119 120 121 122 123 
Rhytidiadelphus squarrosus ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Scleropodium purum ∙ ∙ ∙ ∙ ∙ ∙ ∙ 3 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙  +  ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Tetraphis pellucida ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ r ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
Thuidium tamariscinum ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
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Appendix D3. Abiotic parameters of the 56 quasi-permanent plots from Acidophilous oak forests in 
the lowlands of Lower Saxony: Soil pH (pH), contents of the soil nutrients: plant available phosphorus 
(P), magnesium (Mg), calcium (Ca), potassium (K), C/N ratio (C/N). All parameters were measured in 
2014. 
 
Plot 
P  
[ŵg ∙ ϭϬϬ g soil-1] 
Mg  
[ŵg ∙ ϭϬϬ g soil-1] 
Ca 
[ŵg ∙ ϭϬϬ g soil-1] 
K 
[ŵg ∙ ϭϬϬ g soil-1] pH 
C/N 
ratio 
N  
[%] 
C  
[%] 
3 5.08 7.71 171.93 7.21 3.97 17.49 0.96 16.73 
4 3.70 10.41 39.85 12.07 2.86 22.08 0.80 17.58 
5 2.59 6.35 38.33 10.26 3.24 22.77 0.64 14.50 
6 1.88 9.61 22.09 6.33 2.97 25.37 0.39 9.79 
8 4.78 15.06 29.55 17.04 2.92 20.70 0.63 13.04 
13 6.96 31.03 52.92 29.70 2.97 21.86 1.55 33.86 
14 1.52 7.42 32.02 7.82 3.37 22.33 0.32 7.10 
16 2.63 3.77 26.69 4.71 3.03 21.64 0.28 6.06 
18 1.80 6.43 22.04 8.25 3.11 21.87 0.45 9.75 
21 2.55 9.72 71.39 9.78 3.40 26.28 0.42 11.09 
25 1.78 4.80 15.06 8.26 3.20 21.30 0.36 7.61 
27 2.03 11.81 46.72 16.02 3.23 19.43 0.89 17.27 
31 4.51 9.19 35.52 8.26 2.95 31.25 0.31 9.69 
32 1.24 6.89 26.68 4.92 3.24 22.16 0.33 7.25 
35 2.50 2.79 14.14 6.28 2.88 23.73 0.34 8.00 
36 3.94 13.10 72.84 15.34 3.14 20.61 0.77 15.87 
37 5.25 8.12 65.64 9.78 3.08 25.19 0.75 18.99 
41 4.22 9.35 58.97 7.49 3.15 23.43 0.47 10.97 
46 5.17 12.39 70.23 8.43 3.32 27.73 0.44 12.23 
48 1.58 39.16 119.71 8.65 4.23 23.65 0.23 5.51 
49 3.04 8.56 31.04 13.40 2.86 21.51 0.77 16.56 
50 2.08 9.24 48.53 11.07 3.22 23.51 0.41 9.55 
52 2.57 3.80 31.35 4.05 3.29 17.78 0.21 3.75 
56 2.35 6.96 34.05 17.84 3.11 21.39 0.49 10.53 
57 2.41 8.52 36.91 11.43 2.97 21.50 0.93 19.95 
60 3.38 10.44 48.64 7.42 3.10 29.32 0.40 11.79 
63 1.65 6.39 37.13 10.49 2.93 21.63 0.41 8.91 
67 0.93 3.95 18.59 5.44 3.01 20.13 0.32 6.48 
69 2.44 1.47 8.33 5.04 3.45 19.39 0.20 3.90 
70 6.32 16.50 76.50 15.54 3.28 23.18 0.61 14.12 
71 3.13 39.10 73.08 15.30 3.61 20.23 0.71 14.42 
72 2.05 7.12 27.26 8.15 3.12 21.56 0.34 7.42 
73 1.05 4.81 17.45 8.20 3.12 21.88 0.37 8.03 
76 6.04 12.42 51.92 19.66 3.01 21.45 0.74 15.81 
81 1.34 11.07 25.86 11.92 2.90 22.74 0.39 8.87 
83 4.74 18.45 44.70 18.65 3.20 17.77 1.19 21.08 
84 2.43 56.78 132.88 17.91 3.07 21.40 1.00 21.34 
93 5.96 7.89 25.67 11.19 3.32 22.74 0.41 9.39 
94 9.86 20.94 77.88 23.34 2.92 28.48 1.11 31.67 
95 4.26 3.71 20.99 8.59 2.98 31.49 0.22 6.93 
96 3.36 7.28 39.09 7.56 2.96 28.20 0.40 11.22 
98 2.23 9.96 54.30 15.13 2.98 20.37 0.48 9.78 
100 1.32 5.45 17.72 6.57 2.87 20.59 0.58 11.88 
101 1.54 6.91 18.20 3.33 3.11 32.95 0.17 5.47 
107 1.67 4.52 20.99 5.68 2.88 25.26 0.21 5.36 
109 2.47 9.46 23.91 10.68 3.08 17.63 0.39 6.88 
110 1.66 3.88 22.13 8.12 3.28 13.31 0.43 5.74 
111 2.91 9.69 48.88 11.02 3.00 18.90 0.51 9.62 
112 1.14 6.15 21.18 9.21 2.78 22.49 0.65 14.55 
115 5.32 11.31 37.14 15.39 2.79 24.75 0.77 18.94 
117 3.10 4.62 17.37 17.94 3.09 28.60 0.25 7.06 
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119 7.05 22.43 55.70 19.96 2.90 25.17 0.81 20.47 
120 10.83 54.58 262.31 20.15 3.69 17.45 1.64 28.56 
121 5.98 11.11 25.49 13.95 2.82 23.04 0.60 13.89 
122 3.17 2.78 11.79 6.75 3.04 38.12 0.13 5.11 
123 3.36 6.66 31.73 10.11 3.08 20.56 0.36 7.30 
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Appendices to Chapter 7 
 
Appendix E1. Frequencies [%] of Quercus robur et petraea in the different layers (T1: upper tree layer; 
T2: lower tree layer; S: shrub layer; H: herb layer) in the four different oak forest types and their 
subgroups in the initial and the most recent investigations.  
Appendix E2. Frequencies [%] of Fagus sylvatica in the different layers (T1: upper tree layer; T2: lower 
tree layer; S: shrub layer; H: herb layer) in the four different oak forest types and their subgroups in 
the initial and the most recent investigations.  
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Appendix E1. Frequencies [%] of Quercus robur et petraea in the different layers (T1: upper tree layer; 
T2: lower tree layer; S: shrub layer; H: herb layer) in the four different oak forest types and their 
subgroups in the initial (grey) and the most recent (yellow) investigations. 91F0: Alluvial oak forest; 
9170: Thermophilous oak forest under coppice-with-standards management; 9160: Sub-Atlantic oak-
hornbeam forest in richer and poorer expressions (RICH and POOR), unmanaged (UM) and managed 
stands (M); 9190: Acidophilous oak forests in different expressions (BQ1: poorer type; BQ2: 
intermediate type; BQ3: richer type). 
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Appendix E2. Frequencies [%] of Fagus sylvatica in the different layers (T1: upper tree layer; T2: lower 
tree layer; S: shrub layer; H: herb layer) in the four different oak forest types and their subgroups in 
the initial (rosa) and the most recent (dark red) investigations. 91F0: Alluvial oak forest; 9170: 
Thermophilous oak forest under coppice-with-standards management; 9160: Sub-Atlantic oak-
hornbeam forest in richer and poorer expressions (RICH and POOR), unmanaged (UM) and managed 
stands (M); 9190: Acidophilous oak forests in different expressions (BQ1: poorer type; BQ2: 
intermediate type; BQ3: richer type). 
 
 
 
0
10
20
30
40
50
60
70
80
90
100
T1T2 S H T1T2 S H T1T2 S H T1T2 S H T1T2 S H T1T2 S H T1T2 S H T1T2 S H T1T2 S H
Fre
qu
en
cy
 Fa
gu
s s
ylv
at
ica
 [%
]
Layer and habitat type
initial recent
91F0                     9170                9160 RICH.M    9160 RICH.UM    9160 POOR.M     9160 POOR.UM     9190 BQ1        9190 BQ2          9190 BQ3
ERKLÄRUNG 
 
252 
 
Eidesstattliche Erklärung 
(Gemäß §6 (5) Nr. 1-3 PromO) 
Hiermit erkläre ich, Ilka Strubelt, dass ich die hier vorgelegte Dissertation mit deŵ Titel ͞DǇŶaŵik deƌ 
Vegetation in Eichenwäldern – Effekte von Uŵǁelt uŶd MaŶageŵeŶt͟ ohŶe uŶeƌlauďte fƌeŵde Hilfe 
angefertigt habe. Es wurden ausschließlich die angegebenen Quellen und Hilfsmittel verwendet und 
die den benutzten Werken wörtlich und inhaltlich entnommenen Stellen sind als solche kenntlich 
gemacht.  
Ort, Datum, Unterschrift 
                Bremen, 28.05.2019 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ERKLÄRUNG 
 
253 
 
Eigenanteile 
Die Kapitel 3 – 6 sind als eigenständige Artikel jeweils von mehreren Autor*innen verfasst worden und 
entweder in internationalen peer-reviewed Journals publiziert oder werden zur Publikation 
eingereicht. Die Anteile der Autor*innen sind im Folgenden dargelegt:  
Kapitel 3: Das Konzept für die Wiederholungsuntersuchungen und den Artikel wurde von allen 
Autor*innen gemeinsam entwickelt. Die Geländearbeit in 2002 wurde von Dietmar Zacharias 
durchgeführt. Die Gelände- und Laborarbeiten in 2012 und 2013 wurden von Ilka Strubelt 
durchgeführt. Ilka Strubelt hat die statistischen Analysen gemacht und das Manuskript verfasst. Martin 
Diekmann und Dietmar Zacharias haben Verbesserungsvorschläge zum Manuskript und zu den 
Auswertungen gemacht.  
Kapitel 4: Das Konzept für das Langzeitmonitoring wurde von Dietmar Zacharias entwickelt; das 
Konzept für den Artikel wurde von Ilka Strubelt, Martin Diekmann und Dietmar Zacharias gemeinsam 
entwickelt. Die Geländearbeit in den Jahren 1994 – 2004 wurde von Detlef Griese durchgeführt. Ilka 
Strubelt, Detlef Griese und Dietmar Zacharias waren für die Geländearbeit im Jahr 2013 
verantwortlich. Die Erfassung und Analyse der Umweltparameter im Jahr 2013 hat Ilka Strubelt 
gemacht. Die statistischen Auswertungen und das Verfassen des Manuskriptes wurden von Ilka 
Strubelt durchgeführt. Martin Diekmann und Dietmar Zacharias haben Verbesserungsvorschläge zum 
Manuskript gemacht. Martin Diekmann hat außerdem Ideen zur statistischen Auswertung 
eingebracht. 
Kapitel 5: Das Konzept für die Wiederholungsuntersuchungen wurde von Ilka Strubelt, Dietmar 
Zacharias und Martin Diekmann entwickelt. Das Konzept für den Artikel wurde von Ilka Strubelt 
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